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Preface 


In the preparation of this book, my intention has been simply to com¬ 
pile the information recently made available on the properties of metals 
at elevated temperatures. Especially since the last World War engaged 
metallurgical interest in the gas turbine, these data have been forth¬ 
coming at a rapid rate. It is therefore now timely to assemble the observa¬ 
tions of many laboratories for comparison and reference. 

At high temperatures, the significant deformations of stressed machine 
parts are plastic in nature. If an adequate analytic description of the 
plastic behavior of materials existed, there would be little reason for the 
detailed examination of so many metals and alloys under particular states 
of stress and temperature. However, the theoretical prediction of plastic 
behavior is still very uncertain and no simple formula can be offered to 
forecast the flow of materials subjected to stress at temperatures approach¬ 
ing the melting point. 

To present the data in a revealing light, it has seemed wise to include a 
chapter on the phenomenological aspects of plastic flow. This chapter, Chap¬ 
ter 1 of the text, surveys the theoretical attempts to discover the laws gov¬ 
erning plastic behavior. This necessarily involves rather more of an excur¬ 
sion into the fields of elasticity and viscoelasticity than would ordinarily 
be found in a metallurgical text. For this reason, Chapter 1, on the the¬ 
oretical aspects of plasticity, is somewhat expanded in content. 

In the preparation of the material, I was generously assisted by the 
staffs of the professional societies, notably the American Society for Test¬ 
ing Materials, the American Society of Mechanical Engineers, the Ameri¬ 
can Institute of Mining and Metallurgical Engineers, and the American 
S()ci('ty for Metals. An appreciation is also offered here of the many con¬ 
tributions of the industrial research organizations which have for so many 
years devoted their facilities to the examination of the high temperature 
properties of metals, with prompt dissemination of the findings for public 
use. Their efforts have resulted, incidentally, in the data presented here, 
and, more importantly, in the consequent development of many new 
alloys of rcMnarkable temperature resistant properties. In particular, I 
am grateful to the following organizations for useful material and helpful 
suggestions: the International Nickel Company, the Westinghouse Electric 
Corp., the Baldwin-Southwark Division of the Baldwin Locomotive Works, 
Cebriider Sulzer, the Timken Roller Bearing Company, the Babcock and 
Wilcox Tube Company, the M. W. Kellogg Company, the American 
Brakeshoe Company, the Haynes-Stellite Company, and the high tem¬ 
perature research laboratory under the direction of Professor Nicholas 
Crant at the Massachusetts Institute of Technology. 



I am also indebted to Emory Valyi in whose employment I was intro¬ 
duced to the problems of high temperature metallurgy, to Eleanor Clark 
for invaluable help in the preparation of the manuscript, and to my hus¬ 
band for his unfailing good humor when the household routine was dis¬ 
turbed by the exigencies of composition. 

Frances Hurd Clark 

New York, N. Y. 

June, 1950 



Chapter 1 

Introduction and Theoretical Aspects 


A. Introduction 

This book treats of the mechanical and metallurgical properties of 
metals and alloys at elevated temperatures. Industrial uses of metals at 
high temperatures have greatly increased and the temperatures required 
for many operations are steadily rising. The chemical and petroleum 
industries utiliz(' low alloy steels and stainless steels at moderately ele¬ 
vated temperatures below /)38°C (100()°F) under severely corrosive condi¬ 
tions. Industrial furnaces operating in the neighborhood of lOOO^C 
(1832°F) consume a large (quantity of heat-resistant alloys. These furnace 
parts must resist oxidation under conditions of relatively low loading. 
The more recent development of the gas turbine has very greatly sharpened 
metallurgical interest in high temperature properties. The gas turbine 
demands materials operating in the neighborhood of 815°C (ISOO'^F) but 
at high stresses due primarily to centrifugal forces. Efficient operation of 
gas turbines demands an ever-increasing gas inlet temperature for success¬ 
ful competition with other means of providing power. 

It is the purpose of this book to present currently available information 
on the properties of metallic materials at elevated temperatures for the 
use of the design engineer. Tp to the present such data have not been 
available in any single source. For .such readers, it is hoped that the text 
will serve as a useful reference. 

In high-temperature operation, the behavior of metallic parts depends 
more upon their plastic properties than upon the elastic properties which 
dominate their behavior at low temperatures. The plastic properties are 
more difficult to characterize, since the plastic deformations are not propor¬ 
tional to the applied loads. In the high temperature regime, a part may 
creep under constant load so that in time the plastic deformation much 
exceeds the elastic; strain. The tendency of the part to flow, the deforma¬ 
tion continuously increasing in time, is a high temperature property of 
immediate concern to design engineers. Metallurgists recognize additional 
properties necessary to successful operation at high temperature. 

The decisive (‘haracteristics of metals at elevated temperatures are their 
resistance to surface changes and their resistance to flow. The tendency 
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toward scale formation of the metal under the condition of no load must 
be evaluated at the temperature and in the atmosphere selcc^ted for service. 
One chapter of this book is devoted to the factors involved in scaling and 
to data on the depth of scale formation occurring in certain heat-resistant 
alloys. The other characteristic—that of flow—is of importance in all 
industrial applications where metals are subjected to loading at elevated 
temperatures. The main portion of this text is directed to the phenomenon 
of flow in metallic systems, to methods of measuring flow, and to the results 
of flow tests on many metals and alloys. 

I. Historical 

In the early history of creep testing, investigators reported the effect of 
stressing metals for long periods at room temperature' or for short periods 
at high temperatures. In 1885, copper wires and silver wires were stressed 
at room temperature by Howe for as much as (3500 hours at (30 , 70, and 
80 per cent of the breaking load. Recordings were made of the stretch of 
the wires as a function of time^^. Other early creep tests on copper, iron, 
tin, and lead were reported by Andrade in 1911 and by Ch('venard in 
19192‘®. Constant-stress measurements were made by Andrade in 1914, 
but their full significance was not appreciated until recently after many 
years of experimental work with constant-load conditions-. 

To explain the fracture of tin alloys close to the melting point, it was 
suggested in 1912 by Ilosenhain and Ewen that metals, when stressed at 
high temperature, pass through a critical range where the nature of th(‘ 
fracture changes from transcrystalline to intercrystalline. Because of 
grain boundary sliding, the metal loses its ability to deform and breaks in 
a brittle manner. The temperature at which this occurs was called the 
equicohesive temperature^. Later, Jeffries and Archer observed a similar 
effect in steels after prolonged heating at high temperature^'. 

Early work on rapid testing of steel at elevated tempeiaturc^ was re¬ 
ported in 1921 by Dupuy, but no creep values were given". However, 
by 1922, Dupuy published tests on nickel and its alloys at high tempera¬ 
ture*. In 1924 actual measurements of the creep of a chromium steel and 
a chromium-nickel steel when stressed at 8.5 tons per square inch over a 
temperature range of about (300 to 900°C were reported by Dickenson''*. 
At about this time, the industrial use of metals stressed at high temperature 
was expanding rapidly, and it was suggested by French that allowance 
must be made by design engineers for creep of metals under such service 
conditions'*. 

II. Arrangement of Data 

The emphasis of this book has been placed on the high-temperature 
properties of plain-carbon steels, alloy steels, and the special heat-resistant, 
alloys (Co-Ni-Cr-Mo, etc.) developed for turbine applications. A smaller 
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part is devoted to the lower-melting metals, especially A1 and Mg alloys, 
which have important commercial uses at moderately high temperatures. 
In the course of two decades, the results of a great many tests have been 
published. The data presented here have been selected on the basis of 
most recent observations, provided that a comprehensive history of the 
material under test has been recorded. 

In addition, CChapter 2 describes test methods and equipment for high- 
t(‘mperature investigations. There is also a chapter (9) on manufacturing 
processes and their relation to the high-temperature properties of the 
product. The r(\sults of tests on scaling of certain oxidation resistant 
alloys are given in Chapter 11. Also, there will be found in the extension 
to this chapter a phenomenological account of the plastic behavior of 
met allies materials. 

In the selection of the data to be presented, an effort has been made to 
include the method of manufacture and heat treatment as the prior history 
of the material influences the resistance of the metal to flow. The room- 
temperature strength properties are given for certain alloys where such 
information is not readily available elsewhere. The high-temperature 
stnaigth properties are presented in the general order of the short-time 
tensile stnmgth, the stress-rupture strength, and the creep resistance. 
These are followed 1)}^ other high-temperature properties from such tests 
as hot fatigue, hot impact, and hot hardness. Not all tests have been 
conducted for all materials listed. Classification is in general arranged 
in the following secpience. 

Tables of High Temperature Properties 

1. Chomiciil (!(3mposition 

2. Proccs.sing datu 

3. Uoom (emporaturr ])ropcrties compared to high temperature properties 

4. Short time ten.sile strength 

5. Stress rupture strength 

0. (’rce]) strength 

7. I)(*sign data 

S. Hot fatigue strength 

9. Hot impact strength 

10. Cliange in the elastic constants with temperature 

11. ('hange in the coefficients of thermal expansion 

12. Cffiange in the thermal conductivity 

13. Hot hardness 

14. Relaxation tests 

15. Influence of combined stresses 
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B. Theoretical Aspects 

I. The Solid and the Fluid States 

As the operating temperature approaelies the melting point, metals 
enter upon the shadowy middle ground wherein the distinction between 
the solid and the fluid states loses its sharpness. The distinction comes 
out of the observation that in the fluid states, material is incapable, or 
almost incapable, of supporting any shearing stress. Having this property, 
fluid material may be deformed in shape, without any change in volume, 
by the expenditure of little or no work. Such deformations may be 
classified as permanent^ since they persist after removing the applied force. 

Permanent deformations are to be distinguished from reversible strains, 
which do disappear upon removal of the applied forces. Even in fluids, 
an actual deformation is usually a composite of both types. A perfect 
liquid is supposed to sustain no shearing stress whatsoever, and so may be 
deformed in shape without work. A perfect liquid can, however, sustain 
the stress system of simple hydrostatic pressure, the corresponding strain 
being a change in volume, finite although often very small. The applied 
forces do work in compressing the liquid; this work is stored in the material 
as the potential energy of the strain and is returned to the environment 
when the forces are removed, as the material returns to its original volume. 
That is to say, the liquid behaves elastically under hydrostatic pressure. 

Of course, actual fluids are imperfect. They exhibit a viscous resistance 
in shear which allows them to sustain some shearing stress by flowing. To 
this degree, they partake of the cohesive properties of solids. Solids, on 
the other hand, exhibit a weakness in shear which at higher temperatures 
becomes increasingly fluid-like. The fluid-like properties of metals, which 
largely determine their engineering usefulness in high-temperature applica¬ 
tions, are the principal concern of the studies reported in the following 
chapters. Unfortunately, the description of the fluid behavior of metals 
is much less simple than the description of the viscous behavior of fluids. 
The properties of metals come into sharper focus, however, if viewed in the 
light of the relatively uncomplicated theory of viscosity. 

II. The Viscosity of Fluids 

The nature of viscous flow is most vividly portrayed in a model of simple 
geometry, as illustrated by Fig. 1-1. Here a volume of fluid is confined 
between parallel plates. We can suppose the bottom plate to be fixed and 
identify its surface with the plane t/ = 0 of a rectangular coordinate system. 
If now the upper plate, whose surface is the plane ij = r/o, is displaced by 
the distance uo in the x direction, the confined fluid experiences a deforma¬ 
tion in simple shear. As the layer of fluid in contact with the upper plate 
moves through the distance uo along with the plate, the layer in contact 
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with the bottom plate remains at rest, while a layer at height y above the 
bottom moves through the distance u = (i^o/t/o)?/. 

Thus layers at different heights move different distances, the relative 
displacement of layers separated in height by dy being du = (iLo/yo)dy. 
The relative displacement for unit separation in height, i.e., no/yo , is the 
shearing strain, 7 . In a deformation of this kind, particles of the fluid 
which lay in a plane before the displacement also lie in a plane after the 
displacement; an element of the material which had initially a rectangular 
cross-section accordingly passes into an element whose cross-section is the 
oblique parallelogram of the figure. 

It would not be easy to set up an experiment on the model of Fig. 1-1 to 
determine the relation between the applied forces F, and the rate of de¬ 
formation of the fluid. Among other difficulties, the material could not 
be in torsional equilibrium under the action of the forces F alone. In 
addition, the plates must exert normal forces upon the material, to prevent 
rotation of the whole. We may, however, suppose these to be small 



Fig, 1-1. Schematic representation of viscous flow. 


enough so that their effect in compressing the fluid is insignificant. The 
hypothetical experiment may then at least be envisaged. It would be 
observed that the rate of simple shear depends on the tangential force 
per unit area, that is, the shearing stress r = F/A, where A is the total 
area of the plates. This tangential stress is transmitted throughout the 
bulk of the fluid, being exerted along every plane parallel to the plates. 

The strain rate, dy/dt = 7 , would be found in this hypothetical experi¬ 
ment to be constant if r is constant, and so can be written as 



where the coefficient of viscosity rj measures the frictional resistance at the 
applied stress. For many fluids (and most solid materials), 77 cannot be 
taken as a constant, but rather must be regarded as dependent on the 
strain rate. 

For certain fluids deforming at rates so low that the flow is laminar and 
free from turbulence, 17 is approximately constant over a considerable 
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range in 7 . In this case the flow is described as Newtonian or truly 
viscous. The dotted line in Fig. 1-2 describes this linear relation between 
stress and strain rate. The behavior of other fluids and nearly all solids 
is less simple, a typical dependence of strain rate upon stress being indi¬ 
cated by the solid line in Fig. 1-2. Such a nonlinear relationship is perhaps 
most simply formulated in the empirical expression 

y k(T - To)^ ( 2 ) 

for which the three constants to , A*, n must be determined. Flow of this 
type is described as quasi-viscous. The nonlinear dependence of strain 
rate upon stress creates formidable mathematical difficulties in using 



Fig. 1-2. Stress (r) versus strain 
rate ( 7 ). The broken line repre¬ 
sents viscous flow. The solid 
curve represents an empirical rela¬ 
tion 7 k(r — To)" or quasi-vis¬ 
cous flow. The stress (ro) is the 
value for instantaneous strain. 


observations made in simple shear for the prediction of the behavior of 
quasi-viscous materials under other stress systems. 

If the material is Newtonian, on the other hand, knowledge of the be¬ 
havior in simple shear suffices for the easy prediction of the behavior in 
different circumstances. This may be illustrated by considering the steady 
flow of a viscous substance in a capillary tube. It is by this means that 
viscosity is measured practically. 

Suppose the tube to be of radius R and kmgth L, with the pressure 
maintained at the upper end, and P 2 < Pi at the lower, as in Fig. 1-3. In 
steady flow, any coaxial cylinder of radius r, say, is in equilibrium under 
the forces acting on it. The unbalanced force acting on the end faces of 
such a cylinder is xr^CPi — P 2 ). This force must therefore be cquilibriated 
by the tangential force exerted on the lateral surface of the cylinder by 
the fluid outside, that is, by the viscous drag. 

For the typical volume element, take a cylindrical shell of radius r, 
thickness dr. On a lateral surface of this element, the tangential force 
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per unit area is r(Pi — P2)/2L, since the total force is — P 2 ) and 

the total area is 27rrL. The fluid outside the shell flows more slowly, and 
exerts an upward drag on its outer surface. Inside the shell, the fluid is 
moving more rapidly, and the tangential force on the inner surface is 


Fig. 1-3. Flow ill a capillary lube. 



directed downward. Therefore, the fluid contained in the shell is in shear, 
the stress being 

= r(P, - P2)/2L. 

The strain is measured by the displacement of the fluid along the inner 
surface relative to that at the outer. If we call the fluid velocity at distance 
r from the axis v{r) then the strain rate 7 is dv/dr. But 7 = (1 /t 7 )t, so that 

(jv __ rjPi - P.>) 

(Ir 2Lrt 


The velocity within the shell is found by integrating this equation, 
the fluid in contact with the wall of the tube is stationary, 


v{r) 




iPi - P2) 


4Lri 


' (r* - /e*), 


Since 


which shows that the distribution of velocity within the tube is parabolic. 
The total rate of discdiarge is found, by summing the contributions from 
all the elementary shells, to be 

V = / r(r)2xrdr-^ , 
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which is Poiseuille’s Law. In the common apparatus for the measurement 
of viscosity, V is noted for a given tube and pressure difference, and t; de¬ 
termined by the formula. 

The formula also illustrates the useful fact that wherever the relation be¬ 
tween shear stress and shear strain (strain rate) is linear, the relation be¬ 
tween uniaxial stress and strain (strain rate) is also linear. 

Atomic Model of Viscosity. Fluid materials in both the gaseous and 
liquid states exhibit the phenomenon of viscosity. In the gaseous state, 
which is distinguished by complete atomic or molecular disorder, the 
phenomenon has an easily apprehended explanation. If we return to the 
model of simple shear presented in Fig. 1-1, we observe that, in a lamina 
of the fluid at the height y, the average particle velocity in the x direction 
exceeds that in the next lamina below, and is itself exceeded by the mean 
particle velocity in the next lamina above. On account of thermal diffu¬ 
sion, some of the particles from the y lamina will wander into the lamina 
above, where, on the average, their lower velocities will bring them into 
collision with the faster-moving particles of the upper lamina in such a 
way as to convert some of the transport momentum of these particles into 
the random motions of heat vibration. Thus to sustain a higher velocity 
in the upper lamina, the applied force must continuously do work. The 
particles of the y lamina which diffuse into the lower lamina also contribute 
to the resistance of the liquid to shear. In collision with the slower-moving 
particles, they induce an increase in momentum which must be resisted by 
the shearing force. 

The diffusion model of viscosity is less satisfactory for liquids and unac¬ 
ceptable for solids. In both states the constituent particles are more 
densely packed, so that the motion of any particle is intimately dependent 
upon that of its neighbors. Close packing implies a certain degree of order 
in the molecular array which, in the extreme case of crystalline solids, 
extends to easily measurable distances through the material. In the case 
of liquids and amorphous solids, the structure is less systematic; in liquids, 
certainly, disorder in the aggregation is so conspicuous that any order is 
difficult to discern. Nevertheless, if a point in a fluid could be examined 
sufficiently closely, there would be found a partial order of the molecules 
of the sort depicted schematically in Fig. 1-4. Herein the molecules are 
for the most part closely packed, the array being disturbed by the presence 
of a hole. In solids, such imperfections are comparatively few and far 
between, so that the motion of any molecule entrains the motion of many 
others. In liquids, we must consider that the holes are very numerous, 
so that the regions of even semi-ordered structure are quite localized. In 
this event, a particle may be free to slip into an adjacent hole without any 
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disturbance to the molecular arrangement more than a few angstroms 
distant. 

With this model, wc can suppose that at any instant a typical particle 
in a fluid is constrained by the action of its neighbors to an equilibrium 
position of minimum potential energy about which it executes only small 
vibrations according to its thermal energy. An average particle is as 
likely to have a hole to its right as to its left, so that we can make a repre- 



(a) (b) 

Kig. 1.4. Atoms subjected to a shear stress. 



- 

(o) (b) 

Fig. 1-5. Potential energy for a particle adjacent to holes before and after 
the application of shearing stress, d—displacement; E—energy. 

sentation of the variation in its potential energy with displacement in this 
horizontal direction as in Fig. l-5a. The drawing implies that the typical 
particle occupies a position of relatively close packing when the displace¬ 
ment d is zero. To move from this position, it must displace slightly the 
close packed particles in the neighborhood, storing some energy in a local 
elastic strain. The presence of nearby holes is indicated by the other 
potential minima to the right and left. If d becomes so great as to exceed 
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the potential maximum, the particle drops into the next hole. The original 
closeness of packing is recovered, and the stored energy is reconverted to 
the kinetic energy of thermal vibration. 

The thermal energy of the typical particle is continually being altered 
by contributions from the random thermal motion of its neighbors. In 
time, its thermal energy may surpass the ^‘activation energy” A, and it 
will slip into an adjoining hole. In the case depicted, a transition in 
either direction is equally likely, and on the average no deformation of the 
material occurs. If, however, there is superposed a shearing stress, the 
potential barrier in the favored direction is lowered while that in the con¬ 
trary direction is raised, as shown in Fig. l-5b. Since the typical particle 
achieves high thermal energies only infrequently and lower thermal energies 
relatively often, there is a higher probability that the transition, if it 
occurs, will be in the preferred direction. Ordinarily, a particular particle 
would not in fact have a hole on either side; rather, there would only be 
found as many particles favorably situated for shear in one direction as 
another. In the illustration of Fig. 1-4, the shaded particles are favorably 
situated for microscopic shear in the direction of the arrows, which occurs 
whenever the upper particle achieves sufficient thermal energy to displace 
elastically the obstructing atom. In the following, a hole will be considered 
an imperfection only in respect of the particle for which it affords a possible 
transition in the preferred direction. 

This model can be given a quantitative interpretation with the help of 
the Einstein-Boltzmann equation for the frequency of local fluctuations in 
thermal energy. This equation states that 

where vi is the number of times per second that the thermal energy within 
an elementary volume, Fi , of the material is expected to exceed the 
activation energy Ai at that point. In this expression, k is Boltzmann’s 
constant, T is the absolute temperature, and C is a constant of proportion¬ 
ality. Whenever this occurs, an elementary shear strain in the volume Vi 
results. The rate at which the volume F, is contributing to the gross 
strain of the material is 

A *7 = 

where A *7 is the contribution of the microscopic transition in F* to the 
macroscopic strain. If we suppose these to be independent, then the 
macroscopic strain rate is 

7 = 2 A<7 
i 

or 

7 - ( 3 ) 
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In the absence of any applied stress, the macroscopic shear strain vanishes 
or 

'r = CSe-(^*'*’’)4.-7 = 0. (4) 

i 

In the presence of an applied shearing stress, the activation energies in the 
favored direction will be reduced from the values Ai to smaller values AI . 
For very viscous fluids and particularly for solids, the bias due to the applied 
stress is very slight. One would therefore expect that such reduction in 
the activation energies might be expressed by the linear approximation, 

A'i = Ai — aiT ( 5 ) 

where t is the applied stress. It will follow directly that this approximation 
implies Newtonian flow. For non-Newtonian fluids and solids, the linear 
approximation does not hold. 

Replacing the Ai of the unstressed material in Eq. (3) by the reduced 
values given by Eep (5), we have for the strain rate in the preferred direction 

> = (6) 

i 

This e(iuality is unafYected if, by Eq. (4), we subtract 

C2:e-<^‘'*^>A<7 = 0 

i 

obtaining 

7 = - 1)A<7- (7) 

i 


Since the reduction in activation energy by the stress field is small, 
exp {a^T/kT) is approximately 1 + a^rjkT^ and the parenthesis in Eq. (7), 
collapses to a^TjkT, Furthermore, the activation energy Ai is unlikely 
to \'ary much from point to point in the material. Little error is intro¬ 
duced by replacing Ai by its mean value A in each term of summation, 
so that 

where 

C = C2a<A<7 

i 


is a constant of the material. This is the equation of viscous flow 

i = ( 1 ) 


with the coefficient of viscosity given by 


1 _ ^ f-U/kT). 


( 8 ) 
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I'hus the mechanical model yields the prediction that strain rate is approxi¬ 
mately proportional to stress which, as has been said, is not always charac¬ 
teristic even of fluids, and which is seldom characteristic of solids. 

The mechanical model has, however, predicted the variation of viscosity 
with temperature in a way which is qualitatively correct. The predicted 
rapid decay of viscosity with increasing temperature is a matter of common 
experience. For many substances, this description of the temperature 
dependence of viscosity is also quantitatively reliable over a considerable 
range in temperature. 



Fig. 1-6. Variation of viscosity (centipoises) with temperature fpr mercury from 
50 to 350®C. The dots record the measured values; the solid curve is a graph of the 
formula v * (kT/C') exp (A/kT). 

For example, the dots of Fig. 1-6 record measured values of the viscosity 
of liquid mercury over almost the complete temperature range between 
freezing and boiling. The solid curve is a graph of the formula r; = 
{kT/C^)exp{A/kT) with the constants T' and A evaluated to match the 
data at the extremes of the range. The deviations of the measured values 
are small, and it is evident that the relation affords a useful approximation 
in this case. For other fluids, the agreement is less satisfactory. In any 
event, the formula must necessarily fail at the temperatures for which 
change of state occurs. 
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III. Stress and Strain 

In the following, it will be helpful to have in mind the description of 
stress and strain which is conventional in the theory of elasticity. In 
general, the description of the state of stress at a point P in the material 
requires the specification of six independent components of a stress tensor. 
Similarly, the state of strain is described by specifying six independent 
components of a strain tensor. The behavior of th|e material is charac¬ 
terized by a set of stress-strain relations, which express the components of 
stress in terms ot the components of strain, or vice versa. The physical 



Fig. 1-7. Stress components at a point P for the orthogonal axes Xi and Xj. 

significance of the stress and strain components, and of the relations betAveen 
them, will be examined in this section.* 

Analysis of Stress. Consider a solid body which is in equilibrium under 
external forces applied at the boundary surface. Suppose, as in Fig. 
1-7, that an interior point P is located by coordinates Xi , X 2 , xz in 
respect to a rectangular system of reference axes, of arbitrary orientation. 
Through P pass a plane normal to the Xi axis, dividing the body into a 
left-hand part and a right-hand part. Ordinarily, the left-hand part will 
not be in equilibrium under the external forces alone, but will also be 
acted on by the right-hand part, the interior forces being transmitted 
through the dividing plane. 

* The material of the section is taken from lecture notes of Professor W. Prager 
of Brown University. 
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Let dA be an elementary area of this plane containing the point P, 
The force exerted through dA on the left-hand part need not be normal 
to dA, If it has a normal component, call it <r\\dA^ where cru is the normal 
force per unit area. The tangential component of the force may itself 
be resolved into components parallel to the and axes. Call these 
oriudA and (mdA, respectively. The three numbers an , (Ti 2 , 0*13 define the 
stress vector at P for dA oriented normal to the Xi axis, as indicated by the 
leading subscript. 

Next let the dividing plane be rotated about P until it is normal to the 
X 2 axis. The force now exerted through the elementary area dA upon the 
lower part of the body will ordinarily be different from the force described 
in the preceding paragraph, which was exerted by the right part upon the 
left part. We can characterize this new force by the normal component 
0 * 22 ^^, and the tangential components, a^dA and a^^dA. The leading 
subscript indicates that for this stress vector, dA is taken normal to the 
X 2 axis; the second subscript identifies the direction of the component. 

The state of stress at P is completely determined if the force transmitted 
through dA is specified for three orthogonal orientations of the dividing 
plane. So finally, rotate the plane until it is normal to the x-^ axis, and note 
the components andA, a^^idA, and craad.l. This set of nine stress com¬ 
ponents serves to determine the force transmitted through dA, regardless 
of its orientation. 

However, not all of these nine components are independent. The 
material in the vicinity of P is in equilibrium; if we were to consider the 
forces acting on an elementary cube containing P, it would appear that 
moment equilibrium for the cube requires aij = aji . Therefore, the 3X3 
array of stress components is symmetrical, the values of three ofT-diagonal 
elements being determined by the other three. 

To determine the force transmitted through an element dA of the divid¬ 
ing plane, when this has an arbitrary orientation, we can consider the 
equilibrium of an elementary tetrahedron containing P. Take three of 
the faces of this tetrahedron parallel to the (coordinate planes, and the 
fourth as the dividing plane, as in Fig. 1 - 8 . Suppose the dividing plane is 
normal to a unit vector n, whose projections /q , 712 , n.} on the coordinate 
axes are its direction cosines in this reference system. Locate the dividing 
plane on this normal so that the area of the slant face of the tetrahedron 
is dA, Then the areas of the other three faces are n^dA, n 2 dA, and UzdA, 
respectively, and the forces transmitted through them are in proportion, 
the constants of proportionality being the a's. Equilibrium of the tetra¬ 
hedron requires that the stress vector Sn on the oblique face have com¬ 
ponents in the coordinate directions which equilibriate corresponding 
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components of the forces on the other three faces. Therefore, we have 
immediately, 

= Hian n-2a‘2i + 

= Wi<ri2 -f- n2P‘22 4* ^ 30 - 32 ^ (9) 

Sm — Tliffiz + Jl 2<^23 "h ^30-33] 

Evidently, for a given state of stress, the values of the several stress 
components depend upon the arbitrary orientation of the reference axes. 
A o find the way in which these components vary as the reference axes are 
rotated, we need next to find the projection of the stress vector Sn on an 
arbitrary direction determined by the unit vector m, say, whose direction 
cosines relative to the given reference axes are mi , m 2 , m 3 . This is 



Fig. 1-8. Stress on an inclined plane. 


easily accomplished by summing the projections of the three components 
on the m direction: 

Sum = mi 4“ Snj WJ2 -f- Snsf7h- 

When by E(p (9) the aS’s are evaluated in terms of the o-’s, the expression 
is less simple, viz.^ 

Snm == ffiinimi 4- o’2in2mi 4" 

<r\7,fiini2 4" cziUimi “h <rz2Uz7i\2 * (10) 

4" o’lsniwjj -f- 4" o'zzTisyns 

Now suppose that the original reference axes are rotated into a new 
orientation, referred to which the coordinates of P are xi , a ’2 , a '3 . Let 
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the direction cosines of the axes in the new orientation referred to the old 
be 

ccip ^ cos (xi , Xp), t, p = 1, 2, 3. (11) 

Then to find <ru, the force in the x[ direction exerted across unit area normal 
to this direction, we must in Eq. (10) identify Ui and mi with an , 712 and 
m 2 with an , and ris and m 3 with ai 3 . This gives 

ffu = <riiaii -r (Tnoincin -h (Tsicxisaii 
-f- fTnanan “h <^2iOtn + <Ti%anotn 

4“ + 0’2Z0tl20tiz + . 

To find (Tn , the force in the X 2 direction exerted across unit area normal to 
the x[ direction, we should identify ni, 712 , Ui as before, but take mi = an , 
m 2 = a 22 , m 3 = az 2 . In this way, we can write out all six independent 
components of stress, referred to the primed axial system. Obviously, a 
more condensed notation would be desirable. If account is taken of 
symmetry, it is seen that in general. 


<Jpq 


3 3 

aipaiqOii . 


( 12 ) 


Under a common convention that affixes appearing twice in the typical 
term necessarily denote summation on those indices, the summation signs 
are often omitted. Physical quantities which depend in this way upon 
rotation of the reference axes are tensors, and the set of stress components 
which, for a fixed orientation, specifies the state of stress at the point P 
constitutes the stress tensor. 


Principal Axes. Returning to the general tetrahedron of Fig. 1-8, we 
next inquire if the direction vector n may be so chosen that the stress vector 
Sn coincides with n, or so that the force on dA is normal. For this purpose, 
we must resolve Sn into a component Snn normal to dA^ and a component 
Snt tangential to dA, as in Fig. 1-9. It must then be determined if the 
tangential component vanishes for any orientation of n. 

The normal component is easily computed by summing the projections 
on n of the Xi , X 2 , x-.^ components of Sn , as given by Eq. (9); that is, 

Snn n\Sn\ + WjSn, TljiSni • (13) 

This quantity will recur frequently in the subsequent discussion; henceforth 
we shall represent it for short simply by <r. The components of a along the 
coordinate axes are nx<T, nio, and respectively. 

The tangential component of the stress vector has components in the 
coordinate directions which are the components of Sn diminished by the 
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components of o-, or >Sni — ni<r, — n^rr. These all vanish if 

>Snt is zero, so that S„ is normal to dA and has the magnitude cr. If the 
values of the Sni are substituted from Eq. (9), setting equal to zero the 
three components of the tangential stress yields the equations 


(<ru — or)ni + o'2in2 -f* trains = 0 
O’uWl + (o’22 “ <r)n2 + (Tz2.nz = 0 y 
o’laWi + o'23W2 + (<r83 — <r)n3 = 0 


(14) 


to determine the components ni , n 2 , riz of the desired unit vector n. 
These linear equations are homogeneous in the unknowns, and so have a 
solution if the determinant of the coefficients vanishes. This determinant 



Fig. 1-9. Normal and tangential components of stress. 


is a cubic polynomial in the normal stress, cr, and the condition may be 
written 

<r® — J[<P — Jtv — *73 = 0 (15) 


where 


J\ = <ril -f 0-22 + «' 3 S , 


<rii 

<r2i 


<r22 

<^32 


<Tll 

0^31 

<ri2 

<^22 


0-23 




<rz3 





<rii 

0’21 

<^11 


Ji - 

<rj2 

(Tit 

fflt 



<ri3 

(Tit 

O’M 



( 16 ) 
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It can be demonstrated by an argument rather too lengthy for inclusion 
here that the roots of Eq. (15), ai , az , trs , say, are all real. If the roots are 
distinct, and ai is put for a in the equations (14), the determinant of the 
coefficients is zero and the equations may be soh^ed for the ratios nT.nziriz . 
Together with rif + + ns = 1, since n is a unit vector, the solution 

fixes an orientation of r/A for which the stress vector is normal, and of 
magnitude ai . 

Using in succession o- = aj and a = as in (14), we can determine two 
other directions for which the stress vector is normal to tlA . It is another 
demonstrable property of the stress tensor that th(‘ three directions so 
determined are mutually orthogonal. They are called the principal direc¬ 
tions of stress. If the axes of reference are rotated into the principal 
directions, they become principal axes. P^'or principal axes, the tangential 
tensor components cr,; (i ^ j) are of course zero, while the normal com¬ 
ponents an arc ai , a 2 , cs , respectively. These are the three principal 
stresses. We shall u.se a single subscript to identify the principal stresses. 

It was hypothesized above that the roots a^ , a^ , (Ts were distinct. The 
discriminantal equation may have multiple roots. If ai is distinct, but 
az and as are equal, then only one principal direction is determined unicpiely. 
Any direction normal to this is also a principal direction, and tlu' stress 
tensor is invariant to rotation of the referen(‘e system about the .ri axis. 
If all three roots are equal, every direction is a principal direction and the 
stress tensor is diagonal for any orientation of axes whatsoever. In this 
case, which corresponds to simple hydrostatic pressure, the stress tensor is 
de.scribed as “sphericar\ In the degenerative cases in which two or more 
of the principal stresses are equal, less than six numbers are reciuired to 
specify the state of stre.ss at a point in the b(Mly. Otherwise, three num¬ 
bers are required to locate the principal directions at that point, and thre*e 
to specify the principal stresses. 

For a given state of stress, the discriminantal equation (15) determines 
the principal stres.ses regardless of the orientation of the original referen(*e 
axes. Therefore, the cm'fficients of the polynomial must be invariant 
to rotations of the reference system. When tin? reference axes are principal 
axes the off-diagonal terms vanish, and the stress invariants become 


.// = ai -f- O’* 4" 

J 2 = —O1O2 — O2O3 — O^O 1 

«/ 3 » CTiff^O'S 


(17) 


all symmetric functions of the principal stresses. 


The Deviatoric Stress Tensor. We shall find it useful to decompose 
the general streas tensor into two parts, one of which is associated with a 
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change of shape only, and the other with a change of volume only. The 
mean normal stress at the point P is 

<ro = 1 (<yii +<^22 + o-sa). (18) 


The components of the devialoric stress tensor are taken as 


.‘fit = <Tii — <To , ^ = 1, 2, 3 

8ij = <r ij , i ^ j. 


(19) 


If to the (leviatoric tensor there is added a spherical tensor whose non van¬ 
ishing (i.e., diagonal) elements are (Tq , the general stress tensor is recovered. 
The spherical part of the state of stress corresponds to hydrostatic pressure, 
and induces a chang(‘ in volume of the material. Since the sum of the 
Si, is identically zero, the deviatoric part of the stress induces only a shape 
change at constant volume. 

The deviatoric tensor has the same principal directions as the stress ten¬ 
sor and its principal values, si , So , S:^ may be found from < 71 , 0 - 2 , 0-3 simply 
by subtracting from each o-o = + 0-2 + 0 - 3 ). Alternately, we can 

determine the principal directions from the deviatoric tensor itself, starting 
from the equations (14) with the a’s replaced by .s’s. This leads to a 
discriminantal eciuation 


- Jis^ - J.S - = 0 (15') 

whose roots are .si , xj , • The coefficients are given by the equations 

(lb) with the o^’s replaced by x’s. But since the sum Sn + X 22 + X 33 is 
zero, ,/i necessarily vanishes. 

Moreover, with the help of this relation, the deviatoric stress invariants 
J 2 and ./a may be formulated somewhat more perspicaciously. Expressed 
in terms of the principal stress deviations, they may be found from equa¬ 
tions (17) by substituting Si for ai . But also by using = 0 together 
with the identity 

S1S2 -f .S2X3 4 - S3S1 = l{.Si(,S'2 -f « 3 ) 4- X2(Sl 4- •'i.O 4 - S 3 (Xi 4" S2)} 

we can put ./j in the form, 

,/2 = i(si 4 “ ^2 4 “ sp - 

Thus, in a sense, Jo provides a measure of the intensity of the deviatoric 
stress at P. In a similar way, it is found that 


Jz * iisl +sl + si). 


Principal Shearing Stresses. The stress deviation at the point P may 
be described in a different way by giving the values of the maximum shear- 
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ing stresses. Suppose the plane of the elementary area dA is rotated about 
one of the principal directions of stress, say the direction of <ri . When 
the plane is aligned with the direction of 0-2 or <rs , the tangential component 
of stress transmitted through dA vanishes. For intermediate positions, 
the tangential component is finite. As the rotation proceeds from the 
second toward the third principal direction, this component increases in 
absolute value to a maximum attained at the 45 ® point, and thereafter 
decays to zero. The value of this maximum is 

Tl ~ i I (T2 — 0-3 I (20) 


which is the Siime as 


i I - «3 I . 

Likewise, if the plane of dA were to be rotated about the second principal 
direction, the tangential stress component would be greatest when the 
angle between the other principal directions was bisected. The absolute 
value of this shearing stress is 


72 = i I 0-3 — <ri I =» i I — Si I . (20) 

Finally, a rotation about the third principal direction gives 

73 == i I <ri — (Ta I = J 1 Si — So I . (20) 

The normal stresses at these three orientations are J(<r2 + 0^3), + (7i), 

and i(<Ti + <7’2), respectively. 

The set ti , r2 , ts constitutes the triple of principal shearing stresses. 
This set serves also to determine the deviatoric invariant J2 , since 

’'1 ■f' "^2 “I" ^3 = 4 |(®2 “■ *3)* “h (S 3 — Si)* (Si — 82)*! 

* i l(s 5 + s^ -f s]) - (8182 -f S2S3 -f S 3 Si)l 

- 5 y,. 


Analysis of Strain. During the deformation of a solid body the material 
near a typical point P, having initially the coordinates x, , undergoes a 
displacement u to a point P', having the coordinates x, + Ui . Such a 
displacement, illustrated by Fig. 1 - 10 , consists in part of a rigid body 
displacement, and in part of a pure deformation. The latter part is 
measured by the state of strain at P, a tensor having the components 



Of these, the normal strains ta represent the unit extensions in the direc¬ 
tion of the reference axes; the off-diagonal components c,; = , (t ^ j), 
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represent changes of shape. These tensor components are related to the 
shearing strains jij according to 

70 - 2€.-y. (22) 



Fig. 1-10. Displacement of a point P of an elemental surface to P' by an amount ui 
on the Xi axis, U 2 on the Xj axis, and u.i on the X 3 axis. 



1-X, 

Fig. 1-11. Two-dimensional view of the displacement of a volume element. 

The significance of this description is made clear by examination of Fig. 
1 -11, which shows for two-dimensional strain the displacement of a volume 
element having originally a rectangular cross-section, the sides parallel 
to the coordinate axes being of length dxi and dx2 , respectively. The 
deformation carries the point P into the point P'. If the material were 
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rigid, the adjoining vertices Q and R would experience equal displacements, 
the volume element going into an element having the dotted cross-section 
of the figure. If the material is elastic, however, the neighboring points 
Q and R will undergo displacements slightly different from the displace¬ 
ment of P, Their displacements may to the first order be found from the 
displacement at point P by 


u 


Q 

2 



dui 


uf -h 

— dxi 

2 ll = -h — dXi 


dXi 

dXi 

u.r + 

dU2 ^ 

fiXi 

R p . 7 

H — (1x2 


dXi 

dxt 


(23) 



Fig. 1-12. The closing of originally iK!r|)etRliculiir planes during shear. 


where dui/dxi is the rate at which displacement of the material in the 
Xi direction varies in the Xi direction, and so forth. When these rates are 
all positive, the equations define final positions for the points Q and R, 
as indicated in the figure. 

Evidently, du\/dxi and du2/dxo , that is, cu and €22 , measure the per¬ 
centage extension of the volume element in the respective coordinate 
directions. We suppose that the displacement of R differs but little from 
that of P, so that their final separation in the Xi direction, (1 + dui/dxi)dxi 
is only slightly different from dxi . For clarity in the drawing, this 
difference has been greatly exaggerated. Under the assumption of small 
strains, it is seen from Fig. 1-12 that bu^jdxi measures the rotation of the 
side originally parallel to the Xi axis, while du\/dx2 measures the rotation 
of the side originally parallel to the x^ axis. The angle through which the 
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originally perpendicular sides have closed during the deformation is the 
sum 


dUi dU2 

ai + =* --f- — . 

dX2 dxi 


This angle is the shearing strain 712 = 2ei2 . 

It is easily seen that this description of shear is equivalent to the descrip¬ 
tion of simple shear which we invoked in Section II. There the shearing 
strain was described as the unit lateral displacement of parallel planes. 
For infinitesimal strain, this is also given by ai + . For, in Fig. 1-13, 

we can approximate to dl with dx^ so that 


(Is 

(il 



— t fin (ofi -}- Of 2 ) — Qfi "i" <3f2 - 


Fik- 1-13. Lateral displacement 
of parallel planes during shear. 



Xi 


Throughout the following sections, the simplifications due to the presump¬ 
tion of small strains will be retained. Elastic strains are in fact so small 
that the infinitesimal approximation is very good. Although the plastic 
deformations which we must consider later are frequently very great, we 
shall nevertheless not undertake to introduce into our analysis the non- 
linearities associated with finite strain.* 


* For specimens elongated in simple tension, it is sometimes attempted to accom¬ 
modate the noidinearitios of finite strain by writing 



When the final length I does not greatly exceed the original length U , this expression 
reduces to the conventional definition of infinitesimal strain. 
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Exactly as for the components of the stress tensor, the components of the 
strain tensor depend for their values upon the orientation of the reference 
axes. For the strain tensor, there likewise exists a set of three orthogonal 
reference directions for which the strain is normal. These directions 
remain orthogonal throughout the deformation. These are the principal 
directions of strain. The normal components of strain in these directions 
€i , €2 , €3 are found as the roots of the discriminantal equation analogous 
to Eq. (15) in which the cr^s are replaced by t’s. These are the principal 
strains. 

Similarly, the strain tensor may be decomposed into a deviatoric^ tensor 
describing change of shape and a spherical tensor describing change of 
volume. By the strain deiriaiion, we shall mean 


— *»»■ <0 I 

= «»•> , i ^ j) 

where co is the mean normal strain ; 

«0 = l(«ll + <22 + <33)- 


( 24 ) 


This decomposition of the stress and strain tensors leads to particularly 
simple stress-strain relationships in the special c ase of isotropic .substances. 
This case is of particular interest since, unlike single crystals, engineering 
materials may often be characterized to a satisfactory approximation as 
free from preferred directions of strain. 

Finally, the deviatoric strain may be represented by three principal 
shearing strains. Among all directions normal to a principal direction of 
strain, the maximum value of shear is attained on the plane which bisects 
the two other principal directions. There is one such plane for each of the 
three principal directions. The absolute values of shearing strains re¬ 
ferred to such a triple of planes are given by 

7i = I 62 — €3 I, 72 =* 1 C3 — €i I, 73 = I ei - fjj I . ( 25 ) 

From these expressions, the factor ^ which appeared in Kq. (20) is missing 
because of the relation between shearing strain and the strain tensor 
components. 

Stress-Strain Relations of Elasticity. In order to predict the deforma¬ 
tion of a solid body under external load, it is necessary to join with the 
conditions of equilibrium and compatibility, the relations between stress 
and strain for the material. These are simplest when the deformations 
are entirely elastic. But even when material obeys Hookers law, the 
characterization of its behavior requires much data. In general, each 
component of stress is a linear function of all the components of strain 
Generally, we must write 
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This generalized form of Hooke's law thus requires a 9 X 9 array of elastic 
constants Cf/ to relate the nine components of strain to the nine components 
of stress. Because of symmetries, only twenty-one of the elastic con¬ 
stants are independent. However, the twenty-one independent values 
are not purely constants of the material, but depend also upon the orienta¬ 
tion of the reference axes in respect, say, to the crystallographic planes of 
the substance. 

If the material is isotropic, the relation between stress and strain is 
tremendously simplified. In this event, the orientation of the reference 
axes in respect to the material is indifferent; the principal directions of 
strain coincide with the principal directions of stress; and the number of 
independent elastic constants reduces to two. Even in this case, there is 
no one-to-one correspondence between the components of stress and the 
corresponding strains. If, for example, a specimen is subjected to simple 
tension in the Xi direction, the corresponding elongation cu is accompanied 
by contractions €22 and 633 in the two orthogonal directions. With the 
reference axes oriented in principal directions, we have in general for the 
isotropic substance 

Cl = -* + as)]! 


Ct » — [(Ti — Aoi -f- <ri)l 
E 

ej = — (<r 3 — p{<ri -j- <T2)1 


(27) 


where the two independent elastic constants are E, the Young’s modulus 
and Vy Poisson’s ratio between the percentage lateral contraction and the 
percentage longitudinal elongation. It is easily verified that a value of 
0.5 for Poisson’s ratio corresponds to elongation at constant volume. Many 
materials, for example steels, exhibit some diminution in volume under 
elongation, being characterized by a Poisson’s ratio of about 0.3. 

For an isotropic material, a one-to-one correspondence between stress 
and strain components may be achieved by decomposition of the general 
tensors into deviatoric and spherical parts. If this be done, the relation 
between a stress deviation and the corresponding strain deviation is found 
to be 


where G, the modulus of rigidity, is related to the Young’s modulus and 
Poisson’s ratio by 


0 


E 

za + A' 


(29), 
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The relation between the components of the hydrostatic stress and strain 
tensors is 


<ro = 3 /L€o 

where K is the bulk modulus, equal to 

E 


3(1 - 2y) ’ 


(30) 


(31) 


This decomposition provides the handiest formulation of the relation 
between stress and small strain for isotropic materials. As we will see in 
the following sections, the usefulness of the decomposition extends beyond 
the elastic case here considered. The part of a general deformation which 
involves a change of volume can be regarded as entirely clastic, and so 
is entirely contained in Eq. (30) with K constant. The shape change 
described by Eq. (28) can usually l)e regarded as occurring at constant 
volume, although it be in part elastic and in part plastic. Of course, in so 
far as the deformation is elastic, G likewise is constant; to accommodate 
plastic effects, we shall need to assign a generalized meaning to this 
factor. 


IV. The Stress-Strain Relations of Viscoelasticity 

There is a class of solid materials, including glasses and the high polymers, 
which are capable of supporting elastic shearing stresses but which also 
exhibit a tendency to flow continuously under the applied stress. Siu^h a 
material may be regarded as a complex of ordered elastic regions inter¬ 
mixed with disordered viscous regions. If the flow in the viscous regions 
is Newtonian, so that a linear relation obtains between the local stress 
and the strain rate, then the elastic equations of the preceding section may 
be rather easily extended to account for the combined effects. 

To do this it is necessary to invoke two assumptions which in actual 
cases are seldom fulfilled exactly. For one, let us suppose that the material 
is isotropic, so that the components of the deviatoric stress tensor depend 
uniquely on the corresponding components of the deviatoric strain tensor. 
For the other, we suppose that the strains remain small so that the non- 
linearities associated with finite strains are not introduced. Actually, in 
steady flow, the observed strains may in time become very great. The 
analysis of finite strains is extraordinarily difficult and far beyond our 
scope. 

The simplest combination of an elastic domain and a viscous domain 
which we can conceive is represented by the mechanical model of Fig. 1-14. 
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For this arrangement, which is sometimes called the Maxwell element, the 
applied stress is transmitted through the spring to the dash pot and the 
resultant strain is the sum of the elastic and the plastic strains. If con¬ 
stant stress is suddenly applied at the initial instant, the spring deforms 
instantaneously and the dash pot begins to pull out at a uniform rate. 
When the stress is removed at time U , the elastic strain immediately 
disappears and the plastic strain persists, as shown to the right of the 
figure. 



The stress-strain relations desc^ribing this behavior are found simply by 
adding the elastic and plastic parts of the strain. The elastic; contribution 
to the strain rate can be written 


2e' = • 


while the viscous part is given by 


2e" = 


so that the total strain c = c' + c" is 


s s 

G • 


(32) 


If, at the instant of starting, the value of the stress is raised from zero to 
the constant value So , the equation prescribes initially an infinite rate of 
strain. Subsequently, the strain increases at the constant rate prescribed 
by the coefficient of viscosity as shown in Fig. 1-14. 

A second possible arrangement of a single elastic domain and a single 
plastic domain is shown in Fig. 1-15. In this case the dash pot and the 
spring deform together, the applied stress being supported in part by one 
and in part by the other. This is a so-called \\)igt element. If the 
constant stress sq be suddenly applied at the initial instant, it is at first 
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entirely expended in pulling out the dash pot since the unextended spring 
supports no force. As the deformation proceeds, the spring extends, 
assuming more and more of the load and reducing the part available for 
maintaining the strain rate. The strain rate tends toward zero as the 
spring approaches the steady state extension which equilibriates the stress. 
This behavior is shown on Fig. 1-15. If at the instant tc the stress be 
removed, the process is reversed, the potential energy stored in the spring 
being slowly expended in reducing the extension of the dash pot to zero. 
This phenomenon is sometimes called ^Tetarded elasticity”. 



0 to tc t 

Fig. 1-15. Response of parallel combination of spring and dash pot. lOxtcnsion 
under constant load applied at t = 0, removed at t = tc. 


For this case, the stress-strain relations are found simply by adding the 
part of the stress supported by the spring to the part supported by the 
dash pot. The elastic stress is 

.s' = 2Ge 


while the viscous part is 
so that the total stress is 


s" = 2rte 


s = 2Ge -f 2rfe . 


(33) 


If this combination is loaded in the same way as the other, the integral of 
this equation, subject to the initial conditions c = c = 0 for < = 0, is 


where to = rj/G is the 'Relaxation time” of the combination. This is the 
equation plotted in Fig. 1-15. 

These simple combinations do not generally suffice to describe the 
behavior even of linear materials. However, they are easily extended to a 
very general model by combining a Maxwell element with a number of 
Voigt elements each characterized by its own relaxation time. This 


INTRODUCTION AND THEORETICAL ASPECTS 


29 


arrangement is shown in Fig. 1-16. By an extension of Eqs. (32) and (33), 
we can see that the stress-strain relations for the general model have the 
form 


Ps = 2Qe (34) 

where P is the differential operator 


d 


• ■ + / n ^ 

dU 


and Q is the operator 


Q. + Q/~ + QC- + --+Qn^^ 


the coefficients Pi , Qi being constant. These linear equations can be 
integrated to fit boundary and initial conditions in all cases for which the 
solution to the purely elastic problem is known. 



Fig. 1-16. Multiple arrangement of springs and dash pots for general case. 

In certain respects, the predicted behavior resembles the reaction of 
metals at elevated temperatures. However, on closer examination, it is 
evident that the behavior of metals is much more complicated than the 
behavior of viscoelastic materials and is, in fact, highly nonlinear. The 
next section deals with the aspects of metals in which the observed behavior 
does differ from the viscoelastic phenomena. 

V. Plastic Behavior of Metals 

The observed behavior of metals is not predicted, even approximately, 
by the linear relations of viscoelasticity described in the preceding section. 
There is, however, a superficial resemblance between the mechanical 
behavior of metallic materials and the behavior of viscoelastic substances 
which becomes closer at higher operating temperatures. 
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What must be regarded as a high operating temperature depends on the 
material. Plastic flow increases as the melting point is approached. 
Different engineering materials behave in a roughly similar way at tempera¬ 
tures which are the same fraction of the melting point in degrees Kelvin. 
The ratio of the absolute operating temperature to the absolute tempera¬ 
ture of melting for the material will be called 6, the homologous temperature. 
Generally speaking, a value for 6 exceeding 0.5 corresponds to a high operat¬ 
ing temperature for the material. This is not necessarily a high actual 
temperature. For lead and its alloys, room temperature corresponds to a 
value of 6 equal to 0.5. For aluminum and its alloys, a high operating 
temperature is approached at 200°C, whereas for a high-nickel alloy, such 
as ^Tnconel”, the value 6 equal to 0.5 is reached at ()00°C. In this section, 
an examination will be made of the observed plastic behavior of typical 
materials at the higher operating temperatures, that is, at values of 6 
between 0.5 and unity. 

Suppose that a specimen at a high temperature is suddenly loaded in 
pure tension and a record made of the relative elongation as a function of 
the time after loading. If precautions are taken to insure constancy of S 
and constancy of the tensile stress (7, the record of the strain e will appear 
as in Fig. 1-17. The strain is observed to increase sharply at the initial 
instant. The strain rate remains high for some time but gradually subsides 
into a substantially constant rate which is quite reminiscent of viscous 
flow. 

It is not to be supposed that the simple behavior indicated in Fig. 1-17 
can be observed without very special precautions to insure that the stress 
is in fact maintained constant during the deformation. If the test were 
to have been conducted at constant load, the stress would increase as the 
cross sectional area diminished during the extension. This condition 
leads to an acceleration of the strain rate at high strains, generally 
followed quickly by fracture. For a test at constant load, where the nom¬ 
inal stress, ao , is taken as the ratio of load to initial area, the record would 
appear as in Fig. 1-18. At short times and small strains, the observations 
would be nearly identical with those recorded in Fig. 1-17. For some 
combinations of ao and the strain might be observed to settle into a 
constant creep rate for some time, but sooner or later, the increase of 
actual stress with decreasing cross-section of the specimen results in an 
acceleration of the strain rate, followed shortly by necking and resulting 
finally in rupture. For some combinations of ao and 6, no interval of 
constant creep is observed, the linear segment of the graph shrinking into a 
point of inflection. A test at constant load may very well correspond 
more exactly to the actual service conditions for which the material is 
intended. Nevertheless the added complication of changing stress during 
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the experiment greatly confuKcs the (li.seus«i()ii of the theoretical behavior 
of materials. In the following, it is supposed that the experiments are 



/ 

Fig. 1-17. Strain versus time under tensile load with temperature and stress constant. 



/ 

Fig. 1 -18. Strain versus time under tensile load with temperature and load constant. 

performed with constant stress. Means for preserving constancy of true 
stress are described in Chapter 2. 

The strain-time curve at constant true stress (Fig. 1-17) may be re¬ 
solved into the components illustrated by Fig. 1-19. The total strain is 



32 


METALS AT HIGH TEMPERATURES 


observed to be a compound of a usually small elastic strain, instantaneous 
and reversible, and two plastic components which do not disappear when 
the specimen is unloaded. Of these, one is a steady flow of the type ex¬ 
hibited by viscous liquids. The case of metals is distinguished by the 
appearance, of a new strain component, called in Fig. 1-19 the initial 
plastic strain. This may be itself a compound containing a part which 
appears suddenly upon the imposition of the stress, blending imperceptibly 
into a part which, starting at an infinite rate of increase, subsides in time 
into a constant final value. 

It is noticed that the high-temperature strain depends on the time of 
exposure to the stress. Evidently, it depends as well upon the tempera¬ 
ture and upon the constant stress. The dependence upon the stress will 
next be examined. If the experiment which produced the record of Fig. 
1 - 17 , is repeated, with the temperature maintained constant at the same 



Fig. 1-19. Decomposition of strain¬ 
time curve at constant stress of Fig. 
1-17 into (1) a small elastic strain, (2) 
the initial plastic strain and (3) steady 
state creep. 


value of but with suddenly applied constant stresses of differing mag¬ 
nitude, a family of strain-time records similar to those of Fig. 1-20 is 
obtained. If the stress is progressively increased from the constant value 
a to the value a', and to , etc., the steady state component of the creep 
is found to increase very rapidly. A measure of the rate of increase is 
obtained by estimating the final strain rate from the linear parts of the 
record and plotting them against the corresponding stress. When this is 
done for the curves of Fig. 1 - 20 , which incidentally are typical of the 
behavior of lead at room temperature, the variation shown by Fig. 1-21 
is obtained. If the material were viscous, the dependence of strain rate 
upon stress would conform to the dashed line drawn on the figure. It is 
evident that for actual metals the relationship is highly nonlinear so that 
the steady flow can be at most described as “quasi-viscous’’. 

It remains to consider the dependence of the strain-time record upon the 
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operating temperature. If the experiment which produced Fig. 1-17 is 
repeated keeping the true stress constant at the value o-, but progressively 
reducing 6, from the constant value to 0", etc., a family of curves similar 
to those of Fig. 1-22 is obtained for a typical material. From this figure, 
it is observed that the steady creep decreases very rapidly with decreasing 
temperature and may become entirely negligible at values of 6 below 0.5. 


Fig. 1-20. Strain-time curves at vari¬ 
ous constant stress levels, all for con¬ 
stant temperature. 


t 


Fig. 1-21. Plot of steady state strain 
rate against stress for quasi-viscous 
flow. The dashed line corresponds to 
viscous flow. 




A representative graph of the final steady creep rate against temperature 
is presented in Fig. 1-23. The initial plastic deformation subsides to final 
values which also decrease with temperature, although, if <r is great, it may 
remain large relative to the elastic strain. Moreover, the time required 
for the initial plastic strain to settle on its final value shortens notably as 
the temperature lowers. The combination of these two effects allows the 
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time of exposure to be eliminated as a parameter in the determination of 
the strain at low temperatures, such as S'" of Fig. 1-22, provided the stress 
is not varied too rapidly. 

From the foregoing, it is seen that a very high steady creep rate will 
be observed only under conditions in which both homologous tempera¬ 
ture and the stress are great. However, even the smallest tendency of 
a material to elongate continuously under constant stress has tremendous 



1 ig. 1-22. Strain-time curves at various con¬ 
stant temperature levels, all at constant 
St ress. 



Fig. 1-23. Plot of steady state creep rate 
against temperature at constant stress. 


implications for engineering design. Therefore, creep tests are often ex¬ 
tended over many thousands of hours so as to detect even the smallest 
steady strain rates. On such a time scale, the initial plastic deformation 
appears to be instantaneous. The results of many such tests will be 
reported in the subsequent chapters. Perhaps regrettably, practically 
all the experiments have been conducted at constant load rather than 
constant stress, and so involve the complication of increasing strain rate 
with increasing strains. This effect appears more quickly the higher the 
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stress. In the so-called stress rupture test, the load is adjusted to produce 
fracture within a few hundred hours. 

VI. Low-Temperature Plasticity 

At temperatures so low that steady flow is negligible, the time can be 
eliminated as a parameter. An ordinary tensile test may be substituted 
for the creep test, the specimen being loaded in simple tension by successive 
increments, and a record kept of the corresponding extensions. When the 
temperature is not high, these will ordinarily settle to a steady value very 
shortly after each change of load. Tensile test data are presented as the 
stress-strain curve for the material, an example of which is portrayed by 
Fig. 1-24. For small stresses, the specimen extends elastically along the 
straight line portion of the curve, the slope of which is the Young^s modulus. 
For higher stresses, the observed extension exceeds the elastic strain as 
the material begins to yield plastically. Sometimes the point at which the 
stress-strain curve begins to depart from the elastic line is quite clearly 
marked. More often the departure is very gradual and the yield stress, k, 
is taken as the stress required to produce a permanent strain of 0.2 per 
cent.* 

The variables used in Fig. 1-24 to describe the behavior of the material 
are the strain 

where U is the original length of the specimen and AZ the increase in length, 
and 

P 

A 

where P is the load and A is the cross-section at that load. These defini¬ 
tions suppose a homogeneous state of stress in the elongating specimen, 
and fail when local necking begins. 

A somewhat different description of the behavior is obtained if the true 
stress cr is replaced by the nominal stress ao defined by 

P 

<T0 == T 
Ao 

where Ao is the original cross-section of the material. Since the actual 
cross-section diminishes with increasing extension, the nominal stress is an 
underestimate of the tnie stress in the material. Fig. 1-25 illustrates the 
nominal stress-strain curve of Fig. 1-24. In consequence of the increase in 
tnie stress as the cross-sectional area decreases, the curve of Fig. 1-25 

* The stress so defined is sometimes called the proof stress. 
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reaches a maximum value of nominal stress. At greater extensions, the 
specimen can only support lower loads. The maximum value of nominal 
stress is called the ultimate strength of the material. After the maximum 
has been passed, the observed stress-strain curve is likely to be perturbed 
by local inhomogeneities in the stress due to the beginning of necking. 



Fig. 1-24. True stress-strain curve. 



Fig. 1-25. Nominal stress-strain curve. 

If, nevertheless, the test be continued until the specimen fails, the elonga¬ 
tion at fracture can be obtained as a further useful’measure of the plastic 
properties of the material. 

As long as the stress remains homogeneous, the tnie stress-strain curVe 
is simply related to the nominal stress-strain curve. It is necessary only 
to suppose that the strain is mostly plastic and, accordingly, at constant 
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volume. In this case, the cross-sectional area at any extension is related 
to the original area by 

Ao I /o + AZ 

r “IT + ‘ 

so that, if 

A P 
<»■ — 7 and <ro =* — 

A Ao 

then 


<x 

= 1 + e. 
(TO 



Fig. 1-26. Cyclic loading. 


With the help of this equation, the true stress-strain curve can be easily 
constructed from the nominal stress-strain curve up to the point at which 
necking begins. In the following, it will be supposed that the elongation 
is referred to the true stress, for the same reasons that control in the case 
of creep. 

Fig. 1-26 is the true stress-strain curve for a virgin specimen which 
under increasing load has been extended to the elongation €o. If at this 
point, the load is then reduced, the specimen will be found to contract 
along the line €o — co, having also the slope E, By the time the load is 
completely removed, the strain is reduced to the permanent set eo . If 
then the specimen be immediately loaded, the strain is found to increase 
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at the elastic rate. The curve, however, follows the line co — eo until a 
stress considerably greater than the initial yield stress k is attained. That 
is, the specimen has been work-hardened. If not very much time has 
elapsed in the unloading and subsequent reloading, the stress-strain curve 
rejoins the dashed curve obtained by continuously increasing the load. 
Additional cycles of loading and unloading result in similar behavior as 
indicated by the figure. 

During the unloading along the line eo ~ €o , the stress increment is 
related to the strain increment according to the elastic law 

Act = , 


This equality is unaffected if both sides of the equation are divided by A/, 
in which case it becomes in the limit 

. (36) 

This generalization of Hooke’s law provides a succinct formulation of the 
differential relationship, making the rate of variation independent of the 
absolute value of the strain. However, the homogeneous relation be¬ 
tween stress rate and strain rate implies no flow in the sense of viscous flow. 

If, after the initial loading and unloading, the specimen is allowed to 
remain in the unloaded condition for an extended period, a different be¬ 
havior will be observed on subsequent reloading. A part of the work 
hardening will be found to have disappeared, the strain varying with 
increasing stress according to the dotted curve of Fig. 1-26. This phe¬ 
nomenon of resoftening in time is known as recovery. At very low tem¬ 
peratures, it is insignificant, but it becomes more evident as the rest 
temperature of the specimen approaches 6 = 0.5. At about this homolo¬ 
gous temperature, the process of recovery is much hastened by recrys¬ 
tallization of the material. 

VII. Stress-Strain Relations of Low-Temperature Plasticity 

In the elastic, isotropic case, simple tensile tests of the type considered, 
serve to provide values for the two material constants, however these are 
chosen. Observations of the gage length and cross-section of the specimen 
as the load increases determine immediately the modulus of elasticity E 
and Poisson^s ratio v. In the elastic case, this pair determines the modulus 
of rigidity G and the bulk modulus K through the equations (29) and (31) 
of Section III. These data enable the prediction of elastic deformation 
of engineering parts of complic^ated geometry variously loaded. 

When the yield stress of the material is exceeded, the case is more 
difficult. The resulting deformation is compounded of usually small elastic 
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strains and often great plastic strains.* To predict such deformations of 
engineering parts, it is necessary to generalize the stress-strain relations 
of elasticity to include the plastic component of strain. Also, it is neces¬ 
sary to decide what elementary experiments yield a description of the 
plastic behavior appropriate to the generalized stress-strain relations. In 
the plastic case, the easy relation between the behavior in simple tension 
and the behavior in simple shear is missing. Although the results of 
tensile tests were used above to illustrate the general nature of plastic 
behavior, the basic description of the material is derived from shearing 
tests. 

For plastic deformation takes place by shear, just as in the phenomenon 
of viscous flow. One process by which such deformation occurs in metals 
is slip^ which is readily observed in single crystals. This process takes 
place by glide on preferred slip planes, which are crystal planes of high 
atomic density. Fig. 1-27 is a schematic diagram of slip in a crystal having 



zinc. 


a unique slip plane. vSuch a material is zinc, the hexagonal crystal lattice 
of which has but one plane of high atomic density, the basal plane. If 
a single crystal of zinc be stre.sse<l in simple tension, the deformation 
produced is a relative displacement along slip planes, as evidenced by the 
appearance of visible slip bands on the surface of the strained specimen, 
in the manner suggested by the figure. The slip bands are found to coin¬ 
cide with the basal planes of the crystal. 

Ordinarily in a tensile test, the ends of the specimen would be con¬ 
strained, and lateral motion inhibiterl. In this event, the slip planes 
rotate under increasing elongation. Near the ends, there is local bending 
of the slip planes and a nonhomogeneous state of stress. 


• The plastic strains resulting, for example, from forming operations and rupture 
teats mav be very large. In the following, consideration is limited to permanent 
strains which, while very much greater than elastic strains, are still small enoug to 
be regarcled as infinitesimal, 
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Other crystal lattices have several planes of high atomic density on 
which slip may occur. Whether or not they become slip planes is deter¬ 
mined by the value of the resolved shearing stress for these planes. Crys¬ 
tals having a face-centered cubic lattice, for example, may slip on any of 
the several octahedral planes. The existence of many slip planes in the 
face centered cubic lattice accounts for the ductility of such metals as 
copper and aluminum. 

Engineering materials are polycrystalline aggregates generally isotropic 
in nature and accordingly \vithout preferred planes of specially high atomic 
density. In such materials, slip is observed to occur along the planes of 
maximum shearing stress. In a simple tensile test, such planes are in¬ 
clined at 45° to the axis of the stress. That slip along these planes does 
in fact occur during extension is sometimes evidenced by the appearance 
of Luder's lines on the strained material. 



Thus the evidence supports the view that the permanent plastic strain 
observed in engineering materials results from a mechanism very like the 
mechanism of viscous flow considered in Section II. Accordingly, the 
plastic strains are expected to be shape changes purely, unaccompanied 
by any volume changes in the material. Finally, since the basic mecha¬ 
nism is shear, it is to be expected that the essential experimental data 
should describe the nonlinear behavior of the material in shear rather 
than in tension. 

Experimental procedures for the determination of the plastic behavior 
of a metal in shear are easily devised. An approximation to a state of 
simple shearing stress is obtained from a thin walled tube loaded in torsion. 
As shown above, the state of simple shearing stress exists only as an ap¬ 
proximation since additional stresses are required for the satisfaction of 
the equilibrium conditions. In a well designed experiment, the stress 
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component of simple shear is made dominant and homogeneous over most 
of the volume of the specimen. From such a test is obtained a stress- 
strain curve for the material in which the dominant stress is the shearing 
stress r and the corresponding strain the shear, y. For low values of 
stress and strain, the elastic relationship is measured by the shear modu¬ 
lus G. This measures the slope of the line to which the observed stress- 
strain curve is tangent at low strains as in Fig. 1-28. Observed stress- 
strain curves depart from elastic behavior at higher strains in the shearing 
experiment in a way qualitativ^ely identical with the behavior in tension. 
The permanent plastic yield is measured by the departure of the observed 
curve to the right of the elastic line. The effect of work-hardening is 
revealed by the continued upward slope of the recorded observations, 
there being no point at which the material can yield freely under constant 
stress. 

The behavior illustrated in Fig. 1-28 implies a continuously decreasing 
value of the differential ratio 

~ = G{t) . (36) 

• ay 

The modulus G is of course nothing but the slope of the stress-strain curve 
at the point whose ordinate is r. As r decreases, 6 (t) tends toward the 
elastic mcKlulus of rigidity. This limiting value will henceforth be desig¬ 
nated Go. To indicate G specifically as a function of r, the notation G* 
will be used. This is usually called the tangent modiilns and describes 
the nonlinear behavior of the material under simple shear. Fig. 1-28 is 
drawn for positive values of r; this suffices for the isotropic materials con¬ 
sidered here, since a reversal in the sign of r implies merely a reversal 
in the sign of y. If one wished, one could imply such symmetry by writ¬ 
ing G* as a function of rather than r. 

A second quantity describing the nonlinear behavior of the material is 
sometimes of interest. This measures the slope of the line drawn from 
the origin to the point on the stress-strain curve corresponding to a given 
ordinate r. The slope is the secant modulus which will be designated 
by G**(t^). a typical line of which G** is the slope is also shown on 
Fig. 1-28. For the secant modulus, the defining equation is 

I = G**(tO . (37) 

7 

Thus, if G** is given as a function of t, the corresponding strain is imme¬ 
diately found as the ratio r/G**. 

The observed plastic behavior of engineering materials in simple shear 
does not permit of very easy analytical formulation. A popular approxi- 
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mation to the behavior is represented by Fig. 1-29. A material conform¬ 
ing to this representation is described as a “perfect plastic.’’ For a 
perfectly plastic material, the elastic law is obeyed up to a well defined 
yield stress r = The material is supposed to be incapable of supporting 
any shear stresses greater than k and, accordingly, yields to effect stress 



Fig. 1-29. The stress-strain curve of 
perfect plasticity. 



Fig. 1-30. The hyperbolic tangent approximation. 

relief in any region throughout which the elastic stress would exceed k. 
In this approximation, 

G* ^ Go j for < A:* , and 
G* « 0, for r* > kK 

The simplicity of this analytical formulation of plastic behavior has made 
possible mathematical solutions to physical problems of extraordinary 
interest. It is immediately evident, however, that engineering materials 
do not conform very exactly to the assumptions of perfect plasticity. 
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A somewhat improved analytical formulation is to be had from the 
familiar hyperbolic tangent relationship between strain and stress. If 
this be written as 

k T 

7 = — argtanh - 
Go k 


illustrated by Fig. 1-30, it is seen that the behavior at low stress conforms 
to the identification of Go with the elastic modulus. This simple shear 
stress-simple shear strain relation provides a continuous transition from 
the elastic to the plastic regime, and accounts for work-hardening at all 
stresses inferior to the limiting stress taken here as k. As the shear stress k 
is approached, the representation makes the material tend toward perfect 
plasticity. In this limit the tangent modulus G* tends toward zero. In 
actual materials, the effects of work-hardening do not disappear quite so 
fast with increasing stress. The approximation, however, allows an easy 
analytical evaluation of the tangent modulus as a function of stress, 
namely, 


1 (ly 

a*T t 


Jl ^ 

Go (It 


^argtanh 


k^ 1 
Go k^ - * 


To anticipate somewhat the formulation of the general stress-strain rela¬ 
tions under combined stresses, it can be noted now that the stress invariant 
J 2 in the case of simple shear becomes nothing but t-. Accordingly, for 
simple shear the expression above can be written as 


Go _ 

G* ~ k^ - J2 


and 


Go , 

G*^ " k^ - J2 ' 


(38) 


This equation will later on be helpful in understanding Prager’s generaliza¬ 
tion of the relationship. 

The following paragraphs review some of the efforts to extend the analy¬ 
sis to the case of combined stresses. It is of course desirable that the 
behavior of the material be expressed in the generalized (*ase by the con¬ 
stants obtained from simple tests of the type described above. It is then 
necessary to decide what measure of the intensity of the combined stress 
system will be used as the equivalent of the simple shearing stress r approxi¬ 
mated to in the test. Tresca's yield condition stipulates that the greatest 
principal shearing stress determines the plastic behavior of the specimen \ 
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This conceptually simple condition is extremely awkward to express ana¬ 
lytically. If the principal directions of stress are chosen so that 
<ri > 0-2 > (Ta, then the greatest principal shearing stress, taken by Tresca 
as equivalent to the simple shear stress, is 

r = §(ai — as) 

But if the principal directions are not so ordered, or if the orientation of 
the reference system is arbitrary, the equivalence is much more difficult 
to express. However, Von Mises has shown that the Tresca condition 
is very nearly the same as the identification 

r = y/Tl 

where the invariant J 2 is independent of the reference coordinate system^\ 
Then for a state of combined stress, J 2 may replace r- in the arguments 
of and obtained from tests in simple shear. 

In the generalization to combined stress, use can be made of the restric¬ 
tion to isotropic materials so that, even in plastic deformation, the direc¬ 
tions of principal strain coincide with the directions of principal stress. 
This is Nadai^s first rule. 

Nadai’s second rule states that the permanent deformations are at con¬ 
stant volume. This imposes on the principal components of strain the 
relation 

€i -h <2 4 - <3 =* 0. (39) 

Otherwise, we can note that plastic deformations are deviatoric in char¬ 
acter and so separate out the hydrostatic component of the stress and strain 
tensors. It is supposed that the elastic compressibility relation, 

(ail "f- a22 + aaa) ~ 3K(eii 4" *22 4- * 33 ) (30) 

where K is the bulk modulus, obtains also throughout the plastic range. 
The shape changes defined by relations between the deviatoric strain 
components and the stress components are then necessarily at con¬ 
stant volume and so satisfy Eq. (39). The c,; corresponding to a given 
state of stress may, however, contain reversible elastic components propor¬ 
tional to the Sij along with permanent components which are more com¬ 
plicated functions of the entire stress system and perhaps as well of the 
strain history. 

In formulating his third rule of plastic deformation, Nadai ignored the 
dependence on the past history of strain. To his rule on isotropy and 
his rule on incompressibility, Nadai adds the rule that the principal com¬ 
ponents of plastic strain be in the proportion of the principal components 
of stress. If the general stress-strain relations are written to conform with 
Nadai^s third rule, they are found to describe the observed behavior of 
plastic materials when specialized to the easily measurable cases of pure 
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tension, pure compression, and pure shear. Suppose that the principal 
components of stress are <ri, 0 * 2 , 0 - 3 , the corresponding principal compo¬ 
nents of strain being € 1 , € 2 , € 3 , so that the principal shearing stresses and 
principal shearing strains are given by 

<T2 — (Tl 

7l = ej — €» Tl == --- 


<Tz — (Tl 

72 = €3 — tl T2 =s --- 


ax — C2 

7a = tl — T3 - --- 


Then Nadai’s third rule states 


71 : 72*73 = Tl! Tatra (40) 

On account of the identities, 

7i + 72 -f- 73 == 0 and Tl + t 2 + ra = 0 

only one of the ratios (40) is independent. When written in terms of 
the principal components of stress and strain, the third rule is rather more 
complicated; in these terms the two ratios (40) are 

<2 — <3 o^a ei — €2 <ri — <r 2 

-- - - __ - 

€3 “ «1 OZ — (Tl €3 — €1 (Tz — ax 


The difference of these two equations is the ratio 

€2 — €3 — <1 4“ €2 0*2 — <r3 — 0"1 “h <^2 

€3 — <rz — (Tl 


( 41 ) 


which, along with the equivalent relations obtained by cyclic permutation 
of subscripts, constitutes the condition on the principal stresses and strains 
given by (40). When expressed in terms of the principal deviatoric strain 
and stress components, Eq. (41) reduces to 


ez — €x S 3 — Si 

The relation (Eq. 42), and the similar relations, can obviously be satisfied 
simultaneously if each principal strain is related to the corresponding 
principal stress by 

where the factor (1/2G) is the same for all t. Taking account of the 2:1 
relation between the shear strains and the tensor components, we can 
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identify the G in this expression with the factor relating 7 to r in Eq. (37). 
G is therefore the secant modulus (?** of the simple shear experiment, and 
is itself a function of the shearing stress, or of J 2 in the case of combined 
stresses. Moreover, by the first rule, the principal strain e, is linearly 
related to the general deviatoric strain components eij in the same way 
that the principal stress s, is related to the general deviatoric stress compo¬ 
nents Sij . Therefore, one could write as well 


e.y 




( 43 ) 


Eq. (43) illustrates what has been called the “deformation type” of 
general stress-strain relations for plasticity. In this type the strain is 
uniquely determined by the stress, although the relationship is by no 
means simple. The transition from the elastic to the plastic range accom¬ 
panies the gradual decay of the function G** as the stress intensity in¬ 
creases. For a given material, this decay is determined from observation 
by a test in simple shear. One source of nonlinearity in Eq. (43) is thus 
the physical behavior of the material. A second source of nonlinearity is 
concealed in the argument J 2 at which G** is evaluated. This stress 
invariant is of course a quadratic function involving all stress compo¬ 
nents Sij = 1, 2 , 3. Thus, even for the isotropic materials, a particular 
€ij in the plastic case depends not only upon the corresponding Sij , but 
also upon a highly nonlinear function of all the stress components. 

For very small values of J 2 , the deformations are essentially elastic, 
G** approaching the constant value Go , the modulus of rigidity. At this 
extreme, the nonlinearities disappear from the relationship. At greater 
values of J 2 , the predicted strains are a compound of reversible elastic 
extensions and permanent plastic strains. To isolate the residual strains, 
it is necessary to substitute for Eq, (43) a different relationship during 
the period of unloading. The behavior is to a close approximation elastic 
during unloading and for J 2 < 0 , we can, as in the last section, replace 
Eq. (43) by the differential relationship 


den 


dSij 
^0 ' 


( 44 ) 


This prescribes that the slope of the unloading curve will be the same 
as the slope along the elastic part of the stress-strain curve during the 
initial loading. Integration of the differential relation results in the elastic 
stress-strain relationship except for a constant of integration which fits 
the relation to the strain at which unloading commences. This constant 
also measures the permanent strain remaining after all stresses have been 
removed. 
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Also, as mentioned in Section VI, the nomenclature can be made more 
compact by dividing Eq. (44) on both sides by the differential, dt. This 
in no way effects the equality, but allows one to write the relation as 

^ ^ ^2 < 0 (45) 

ZisQ 


in conformity with the usual convention by which the dot denotes time 
differentiation. In this homogeneous relation, no actual dependence on 
the time is implied. 

Taking the strain history more generally into account involves a con¬ 
siderable increase in complexity. This leads to a type of stress-strain 
relationship which might be well called the ‘^differential type”, although 
it is designated by its originators, namely, W. Prager and his students, 
as the “flow type”. This expression follows naturally from the use of the 
compact notation mentioned in the above paragraph, although no “flow” 
in the sense of continuously increasing viscous displacement under con¬ 
stant stress is intended. In the flow type of relation, the physical behavior 
of the material is measured by the factor which in simple shear is the 
tangent modulus G*, although this is not immediately evident from the 
form in which the general relations are presented. These are given as 


In this expression, the first term on the right accounts for the elastic com¬ 
ponent of the strain. The second term accounts for the permanent com¬ 
ponent of strain, the homogeneity of the relation in respect to time being 
preserved by the factor ^2 • But the factor Sij makes the plastic strain 
dependent upon the strain history of the specimen. 

We can see this by specializing to the case of simple shear, and invoking 
the approximation of Eq, (38), by which 


1 


- 



(38) 


In simple shear, we can identify 2c,j with y and s,j with r, so that (46) 
becomes 


But in simple shear, ,/2 is nothing but r^, so that J 2 is 2 tt. 
substitutions, we have 


y 


1 

Go 
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which by ICq. (30) is only the definition of the tangent modulus G* for 
the particular combination of stress and strain experienced in the specimen. 
The dependence of G* upon the strain history (for the initial loading only) 
is seen in Fig. 1-3(3. 

At the time being it appears that the differential relations are somewhat 
more flexible in meeting the compatibility conditions than the deformation 
relations advanced earlier. It is to be emphasized, however, that they 
are also highly nonlinear in character and lead to insuperable mathematical 
difficulties except in problems of particularly simple geometry. Despite 
the appearance of the rates e and ^ in these homogeneous relations, it 
should be recalled that they read only on the case of ordinary low tem¬ 
perature plasticity from which time variations are excluded, the deforma¬ 
tions being supposed all to occur instantaneously. Thus, even before the 
high temperature phenomenon of creep is included, the mathematics has 
failed. Not even for the systems of ordinary plasticity can one repeat 
the statement made in Section IV for linear viscoelastic systems that the 
general solution can be found if the purely elastic solution can be found. 

VIII. Time Effects in Plasticity 

The assumptions of low temperature plasticity, which suppose the plastic 
deformation to be instantaneous, arc an idealization of the actual behavior 
of material. Even at quite low temperature, the plastic deformation does 
in fact take some time to complete. There is a range of moderately high 
temperatures for which the steady state component of creep is small 
enough to ignore but for which the duration of the initial transient creep 
is appreciable as at of Fig. 1-22. In this case the stress-strain curve, 
alike in tension or shear, observed in a test of the material, will depend 
somewhat upon the rate of strain. If, at such a temperature, the specimen 
is suddenly subjected to a constant stress, the resulting strain will be 
observed to increase as time goes on, finally approaching a constant limiting 
value. If the value of the strain at successive equal increments of time 
be noted down, the results of the test may be represented as in Fig. 1-31.* 
Actually, such a record would be impossible to obtain. Even if the 
apparatus could maintain the true stress constant under increasing 
deformation, in any event, the instantaneous deformation would be con¬ 
trolled by the inertia of the machine. Nevertheless this presentation 
helps in visualizing the relationship. One can imagine the test repeated 
for different values of the constant imposed stress and the whole family of 
stress-strain curves obtained by linking the observations corresponding to 
the same times. Such a family of ‘‘isochronous” curves is exhibited in 
Fig. 1-32. 

This representation and its subsequent development in this section were sug¬ 
gested by unpublished papers of F. R. Shanley. See also Reference 30. 
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These curves make it possible to investigate the dependence of the be¬ 
havior upon the strain rate. If for example the specimen is strained very 
slowly, the dashed limit curve to the right of Fig. 1-32 is obtained. The 
behavior at higher strain rates can be estimated by supposing the specimen 
to be subjected to shear by equal increments at the beginning of each time 
interval. By choosing both the strain increment Ay and the time incre¬ 



ment At sufficiently small, one can approximate closely to a continuous 
strain rate. The stress increment corresponding to each incremental strain 
is a compound of the elastic component predicted by the modulus of rigid¬ 
ity and a plastic component dependent upon both the total strain and 
strain rate, that is, upon y and At. Suppose, as in Fig. 1-33, that a number 
of incremental strains have accumulated to the total strain y and the 
stress r. For this condition, there occurs during the next time interval 
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the plastic strain A 7 '. Then the stress increment corresponding to the 
forced shear A 7 is the elastic stress corresponding to the strain A 7 — A 7 ', 
or Ar = <jo(A 7 — A 7 '). A continuation of this step-wise process extends 
the stress-strain curve which would be observed at the given strain rate. 
The dashed curve to the left in Fig. 1-32, corresponding to a high constant 
strain rate, was obtained in this way. 

The step-wise approximation is easily adapted to situations in which 
the strain rate is not constant. For example, if the specimen is suddenly 
deformed to the strain 7 , which is thereafter held constant, the methcxl 


Go t = 0 1 2 3 4 



yields the relaxation curve of Fig. 1-34. To delineate the behavior, it is 
necessary to use in the step-wise approximation a time interval smaller 
than that for which the stress-strain curves are sketched. This can 
always be done; in the drawing, the ratio of these time intervals is 1:4. 
In this way, the precision of the approximation can be improved as needed, 
and the procedure adapted to any controlled variation in the rate of strain. 
Also, the procedure may be modified in an obvious way to predict behavior 
observed under controlled rates of stressing. 

It is interesting to note that for certain materials the stress-strain curves 
obtained at controlled strain rate may be remarkably unlike any in the 
family of Fig. 1-32. Steels, for example, when stressed at room tempera- 
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ture exhibit a significant dependence upon strain rate, the part of the 
plastic deformation which is truly instantaneous, being small. Fig. 1-35 
is the analogue of Fig. 1-32 for such a material in simple tension. It 
shows also the step-wise calculation of the predicted behavior when this 
material is tested at a high strain rate. The familiar sharply marked 
upper and lower yield points are properly indicated. Since the plastic 
deformation is relatively slow, in the early stages of the test, a high elastic 
stress is established. By the end of the fourth time interval, the slow 
yield begins to relieve the established stress and a temporary relaxation 
occurs. Beyond the lower yield point, work-hardening effects become 
dominant. Since the method of approximation ov^er-estimates the stress 


Go t = o I 



when the stress is increasing, and underestimates it in the contrary circum¬ 
stance, the actual variation would be found—^l:>y reducing the step interval 
—to conform to the solid curve of the figure. Of course, experimental 
stress-strain curves for steels do not conform exactly to this simple model, 
since with ordinary testing equipment the operator has control over neither 
the stress rate nor the strain rate but only over a complicated combination 
of the two. 

The stress-strain relations for temperature ranges in which time effects 
become significant are evidently vastly more complicated than those de¬ 
scribed in the preceding section. In this case, the modulus (x* which 
relates the stress increment Ar to the strain increment A 7 can no longer 
be expressed as a function of the stress alone. The curves of Fig. 1-36 
illustrate the behavior of a material in which the stress has been estab- 
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identical with the hmiting curve of Fig. 1-32. The bounding curve to the 
left is supposed to correspond to a very great rate of deformation and the 
remaining curves to typical intermediate values. The effect of the strain 
history is revealed in two ways. First, different values of the strain cor¬ 
respond to the same stress to depending upon the past rate of strain. 
Second, the slope O’** at the stress ro varies widely between the value ob¬ 
tained at high strain rates, perhaps only slightly less than the elastic 
modulus, and the much lower value obtained at low rates of deformation. 
Thus, for any condition of the specimen, the rate of change of stress with 
strain must be considered as a function of the strain as well as of the stress. 

No entirely satisfactory formulation of this relationship has been 
achieved. An interesting attempt is represented by Holloman’s mechani¬ 
cal equation of state^\ In a much more elementary way, some account 
can be taken of the strain history merely by estimating the value of G* 
appropriate to each combination of t , 7 by scrutiny of experimental 
records of the type exemplified by Fig. 1-36. 

IX. An Atomistic Model for Creep; Transient Creep 

In high-temperature metallurgy, there is added to the considerations of 
the preceding sections the further complication of steady state creep, that 
is, the steady flow of the material under load resulting in deformations 
continuously increasing with time. Even though the steady creep rate 
be very small, nevertheless the resulting deformation during the service 
life of a part stressed at high temperature may be so great as to dominate 
all other effects. In fact the determination of the steady state creep rate 
is the primary concern of high-temperature metallurgy and most of the 
material testing described in the following chapters is directed toward 
this end. 

The phenomenon is like the viscous flow of liquids in that the strain 
rate is determined by the stress. In an earlier section, it was distinguished 
from the phenomena of low-temperature plasticity, in which the stress- 
strain relations are homogeneous, so that the strain rate is determined 
by the stress rate. The steady creep of metals is distinguished from 
viscous flow in liquids and amorphous solids primarily by this, that in no 
case is the flow Newtonian, or even approximately proportionate to the 
applied stress. For metals the typical dependence of strain rate upon 
stress was illustrated in Fig. 1 - 2 . If, as is usual in metals, the strain rate 
is constant under constant stress, although not proportional, the flow is 
described as quasi-viscous. A satisfactory rationalization of this behavior 
has yet to be brought forth. 

Very little of the available creep data have been obtained at constant 
stress; technical creep tests are conducted at constant load and necessarily 
exhibit the acceleration in creep rate due to diminution in cross section 
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of the specimen. Hut if this rather trivial effect could be sorted out, so 
that the (luasi-viseous component could be ascertained merely by wait ing 
until transient effects had subsided, still it would be found that metals 
do not always tend toward a constant creep rate under constant stress. 
The reason for this is, of course, change of state. If, during the period 
of exposure to stress and temperature, the material changes phase through 
recrystallization (or otherwise changes structure through the precipitation 
or diffusion of microconstituents) the steady creep rate can alter even 
though stress and temperature are held scrupulously constant. The recom¬ 
mended range of operating temperature for any material is ordinarily 
adjusted so that such structural changes are not likely to occur. They 
are not further considered here; however, the possibility of their occurrence 
should be held in mind whenever creep data arc to be interpreted. 

The atomistic model already used in Section II for the prediction of 
viscosity in liquids can be made to serve for the prediction of the steady 
creep of metals. In the solid state, it must be supposed that the ordered 
regions of close packing are relatively extensive, with the “holes” or dis¬ 
ordered regions localized and sparsely distributed. These holes are char¬ 
acterized exactly as in Fig, 1-3. Even though the local imperfections of 
structure be separated by many atomic distances, so that they are nearly 
independent one of the other, it is still possible that in the aggregate they 
are very numerous, so that the total population of soft points is not seriously 
depleted by the occasional successful transitions. If it is supposed that 
the potential barriers to transition for the several imperfections are all 
high, then one has a model for a state of aggregation which can support 
elastic shearing stresses. By the same premises, the imposed stress field 
makes only a small modification of the activation energies at the soft 
points, giving a slight bias in favor of transitions in the preferred direction. 
Wherever through thermal fluctuation the free energy in the neighborhood 
of an imperfection surpasses the least potential barrier, a transition in the 
preferred direction occurs. Under the avssumption of high barriers these 
are infrequent, and, under the assumption of independence, these make 
equal contribution to the macroscopic strain. This combination of as¬ 
sumptions leads to a formulation of the dependence of strain rate upon 
stress and temperature identical to that adduced for the viscous flow of 
fluids in Section II, viz., 





where y is here only the steady state component of the creep. Quantita¬ 
tively, the relative freedom of solid materials from loose points would 
indicate a greatly reduced rate of strain, which is of course observed. But 
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again, the model gives no indication of the dependence of activation ener¬ 
gies upon the applied stress, and the same assumption of linearity yields 
the Newtonian (^ase. An improvement of the model to account for the 
observed nonlinearities of quasi-viscous creep would seem to be the first 
priority task of high-temperature metallurgy. 

The atomic model used for the (rather imperfect) prediction of the 
steady state component of creep is certainly inadequate for the prediction 
of the transient component, characterized by a very high initial rate of 
deformation and a subsequent rapid deceleration. The refinement of the 
model to account for this effect has received attention from Andrade, 
Becker, Orowan and their co-workers^’ It is necessary to consider 
that in the early stages of the deformation, the material contains loose 
points, or imperfections of very low activation energies, which are by no 
means infinitely numerous, but which are, to the contrary, rapidly used up. 
Then for the deformation to proceed, higher energy barriers must be sur¬ 
passed. In this view, work-hardening is equivalent to the elimination 
from the material of the imperfections of low activation energies. 

When the virgin material is subjected to stress, the energy stored elas¬ 
tically modifies the potential barriers, reducing the activation energies 
required for transitions in the p)referred direction. Wherever in the virgin 
material the potential barriers were sufficiently low, they are extinguished 
by the application of the load and the transitions occur instantaneously. 
This accounts for the instantaneous component of the plastic deformation. 
At other imperfections, the potential barrier in the preferred direction is 
only reduced to a value which may occasionally be exceeded in the course 
of thermal fluctuations in the local energy. The progressive elimination 
of such imperfections accounts for the time dependent—initial creep. 

To improve the mechanical model, one should know the distribution of 
the Ai , where A, is the activation energy for the imperfection located at 
point i in a typical slip plane of the virgin material. One should further 
know the modified values A [ to which the Ai’s are reduced by the applied 
stress for transitions in the slip directions. Such information would permit 
the prediction of the shearing rate as a function of load and temperature. 
Actually, these distributions can only be inferred from observations of 
the macroscopic behavior, and we undertake only to evaluate statistical 
averages. We can form a first estimate of the way in which the mean 
activation energy A' necessary to continued deformation increases, as the 
loose spots are exhausted, by examination of Fig. 1-37. In this figure, the 
curve, which is identical with the left-hand curve of Fig. 1-32, measures 
the distribution of activation energies in the virgin material. The sud¬ 
denly applied stress to , which produces immediately the elastic strain 7 "', 
also reduces to negative values of Ai a sufficient proportion of the Ai 
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to produce instantaneously the macroscopic plastic deformation 7". As 
time goes on, the specimen creeps under constant stress to the deforma¬ 
tion 7i, exceeding the instantaneous 70 by the creep strain 7', It is 
supposed that this time is taken short enough that the quasi-viscous 
component of the creep is inconsiderable. 

The deformation 71 might have been produced instantaneously by the 
imposition of the stress ri . That is, a suddenly applied stress n re¬ 
duces to negative values the proportion of the Ai corresponding to the 



Fig. 1-37, r' « Activation stress; 

7 ' == Transient creep strain ; 

=» Instantaneous plastic strain; 

y'^ = Elastic strain; 

G* =» lim 
t-»o 7 

macroscopic strain 71. Thus the difference r' = ti — ro provides a meas¬ 
ure of the proportion of imperfections eliminated during the creep 
One can call r' the ‘^activation^’ stress corresponding to the applied stress 
To and the strain 71 == 70 + 7'. It is observed to increase with increasing 
creep. Initially it is quite small; correspondingly, the material contains 
imperfections for which the potential barriers, being reduced very nearly 
to zero by the applied stress ro, are exceeded by the smallest thermal fluc¬ 
tuations. Since these occur very frequently, the time rate of deforma- 
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tion is high. As creep proceeds, the loose spots are eliminated, and 
large, infrequent fluctuations are required to exceed the remaining po¬ 
tential barriers; this corresponds to greater values for r' and slower 
rates of deformation. For 7 ' not too large, the activation stress is given 
approximately by 

r' = GW (47) 

where the modulus (7* is to be evaluated at r == tq on the stress-strain 
curve for t = 0 . 

The so-called activation stress r', as here defined, provides only a crude 
measure of the disorder remaining in the material after the creep strain 7 '. 
The definition implies that during the creep 7 ', following the instantaneous 
deformation 70 , the same set of microscopic transitions is successfully 
achieved as would be achieved if the total deformation 71 were accomplished 
instantly. This is hardly to be expected, since during creep at the constant 
applied stress tq , the surpassing of the potential barrier at any particular 
imperfection is entirely a matter of chance fluctuation in the local 
energy. On the contrary, in the distribution of activation energies for the 
imperfections remaining after the strain 71 , one should anticipate differ¬ 
ences depending upon the way in which 71 has been established; that is, 
differences dependent upon the strain history of the material. Careful 
measurements have established quite conclusively that such differences 
do exist, although they may be relatively unimportant^^. The absence of 
these differences implies the existence of a “mechanical equation of state’’. 
The presence of these differences implies that one’s estimate could be 
improved by the substitution for G* in Eq. (47) of a different constant 
dependent upon the strain history as well as upon to . In this connection, 
the issue is of trifling importance, since G* is not itself a measurable quan¬ 
tity, and whatever proportionality constant is to appear in Eq. (47) must 
be determined by an empirical fit to observed creep data. 

In order to obtain a useful characterization of transient creep one needs 
to convert the activation stress r' into the corresponding value for the 
mean of the activation energies Ai appearing in the Einstein-Boltzmann 
relation 

V, « (48) 

SO as to evaluate at least the mean frequency of transitions due to thermal 
fluctuation. In this calculation, the A,- should be distinguished from the 
activation energies at imperfections in the virgin material. Rather, one 
wishes i to range only over the imperfections surviving after the specimen 
has deformed to the strain 71 , say; and moreover the Ai must, like the 
A • , reflect the reduction of the potential barriers in the slip direction due 
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to the imposed constant stress ro . From the average of this distribution 
one could predict the rate of creep under stress ro at strain 71 . 

Under this interpretation, Becker’s formula gives the activation energy 
A within an average volume element V of the material as the following 
function of the activation stress: 


A = 



(49) 


where Go is the elastic modulus of rigidity. Using this value for A, one 
finds for the average frequency of successful transitions within U, 


To obtain a formula for strain rate, it remains only to evaluate the con¬ 
tribution of a successful transition to the macroscopic strain. If it were 
assumed, as for the case of viscous flow, that each transition made the 
same contribution to the observed shear, the strain rate would also be 
given by the formula (Eq. 50). But in the early stages of transient creep, 
the material is rich in imperfections. These are so closely spaced that 
the effect of a single transition upon the local stress field extends to neigh¬ 
boring loose points, lowering the barriers to transitions there. In tran¬ 
sient creep, inhomogeneities in the stress field, and interaction betw^een 
transitions, cannot be ignored. Thus, the stress relief achieved by a 
successful thermal fluctuation at the point i may redistribute the stress 
field at neighboring imperfections in su(*h a way as to trigger off a whole 
chain of transitions. That this interdependence actually exists is evi¬ 
denced by the observed initial rate of transient creep, which does not seem 
to be finite but which, to the contrary, appears smoothly to continue the 
instantaneous deformation. 

For such reasons, the hypothesis that successful fluctuations make equal 
contributions to the macroscopic strain is untenable in transient creep. 
Orowan conjectured that the interdependence effect might be accounted 
for by taking the strain rate proportionate not to v, but to {X/tYv, where 
(1/r')^ is to be regarded as an empirical factor^®. He wrote 


7' 


r'2" 


(51) 


as a simple, but surprisingly adequate characterization of transient creep. 
The activation stress being zero at the commencement of transient creep, 
the formula correctly predicts the infinite initial rate of creep strain. 
Moreover, as the material hardens under continued deformation (and t' 
increases), the density of imperfections (and accordingly the interaction 
effect) decays in a way which is at least superficially consistent with the 
formula. 
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When the activation stress is expressed in terms of the creep strain, 
Eq. (51) becomes 


7' = 


C 




(52) 


where G* contains the dependence upon the applied stress, and perhaps 
also on the strain history. Since the instantaneous stress-strain curve, 
which provides the estimate of (?*, depends on the temperature, G* is 
temperature-dependent as well. In fact, it is the G* which mainly deter¬ 
mines the temperature dependence of transient creep. For the exponential 
factor of Eq. (52), in which T appears explicitly, is only a small correction, 
serving to hasten the deceleration in transient creep rate at large strains. 
For all the materials studied, the multiplier BG*-/T is so small that the 
exponential departs but little from unity during the principal part of the 
deformation. This accounts for the marked difference in the variation 
with temperature of the transient and steady components of creep. The 
quasi-viscous component, being more nearly an exponential function of 
— (1/20, disappears quickly as the temperature is lowered. The transient 
component, being dependent more upon G*, persists as the temperature is 
lowered, being observed even at temperatures close to absolute zero, 
although at such temperatures the duration of the transient becomes 
very brief. 

If the exponential factor of Eq. (51) is approximated by unity, the 
resulting equation integrates to 

7 ' « (53) 

which is Andrade\s early formula for the transient component of creep. 
In the present notation, the constant of proportionality is 
This remarkable general result stipulates that for all materials, however 
stressed at whatever temperature, the variation of creep strain with time 
is in the early stages, represented by curves of the same slope, all cubic 
parabolas. Since these form a one-parameter family, it should be possible 
to find, for any material, combinations of applied stress and temperature 
which determine a particular curve in that family, or, what is the same 
thing, which correspond to the same constant of proportionality. This 
possibility has been confirmed by Los, whose measurements on copper 
and aluminum at appropriately selected values of temperature and stress 
are given in Fig. 1-38. The measurements yielded the variation of total 
strain with time; to obtain the creep component, the observed strains Avere 
reduced by the instantaneous strains, the values of which Avere chosen for 
best fit. The agreement among the three sets of observations is dramatic, 
but not superior to other cases not illustrated here. 
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The smooth curve upon which the observations fall departs significantly 
from the cubic parabola at times greater than about 15 minutes. The 
smooth curve was calculated by mechanical integration of Eq. (52), after 
best choice of the constant and therefore reflects also the exponential 
reduction in strain rate at large strains. 

The transient component of creep is thus fairly well predicted by a very 
crude model, making only the most general assumptions regarding the 
state of aggregation of the material. It may well be expected that sharper 
results will flow from a closer examination of the molecular structure and 
the nature of the imperfections. A tool for such an investigation is pro¬ 
vided by the theory of dislocations, which is bric'fly reviewed in the follow¬ 
ing section. 



Fig. 1-38. Steady state creep strain 
(%) versus time (minutes) of the 
following; 

O ('u at 100°('; mean stress 2485 

kg/cm^, 

X ('u at 230®C; mean stress 10^)0 

kg/cm2, 

• A1 at 15°C'; mean stress 735 kg/ 
cm2. (After Orowan) 


X. Dislocation Theory 

In the preceding discussions, a point of looseness or imperfection in the 
material was envisaged as a hole into which an adjoining particle might 
rather easily slip under the influence of thermal flutdiiations or external 
load. This model has a certain plausibility for licpnds but is somewhat 
strained in its application to polycrystalline metals and fails completely 
in application to single crystals. Single (uystals also deform plastically by 
slip in a way whi(;h cannot be (explained on the hypothesis of a perfectly 
uniform crystalline structure. It must be supposed that single crystals 
contain imperfections. The mcxiel proposed by Volterra for sucdi imper¬ 
fections was called by Love a dislocation. This model has served in a 
qualitative, and even semi-ciuantitative way to explain the plastic bc^havior 
of single crystals, as is witnessed for instance by the soap bubble experi¬ 
ments of Sir Lawrence Bragg. Moreover, useful models of more compli¬ 
cated states of aggregation, such as polycrystalline materials, may he 
constructed as arrays of dislocations.. 
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In Fig. 1-39, the small drawing (a) represents a section through a perfect 
crystal having a simple cubic lattice. The small drawing (b) shows a 
section through the crystal after the atoms above the dashed line have 
slipped one atomic distance to the right. It is supposed that the arrange¬ 
ment of atoms on every parallel section through the crystal is identical. 
The displacement of the upper left hand atoms has resulted in a line of 
dislocation (normal to the plane of the drawing) where a vertical plane 
of atoms terminates on the slip plane. The adjoining “verticab’ atomic 
planes are at least in approximate register as they intersect the horizontal 
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NEGATIVE DISLOCATION 

Fig. 1-39. Propagation of a dislocation through a cubic lattice. 


slip plane, but they are slightly deformed elastically, the material above 
the slip plane being in a state of compression in the neighborhood of the 
dislocation, whereas the material below is in tension. By convention, 
this configuration is described as a positive dislocation. If the plane of 
atoms to the right of the dislocation should divide on the slip plane, the 
lower half falling into register with the atoms of the terminated plane, the 
dislocation is propagated by one atomic distance, to the right. The con¬ 
tinuation of this process to the boundary of the material relieves the 
elastic strain and results in a permanent slip deformation. 

The same deformation can be obtained in a different way as illustrated 
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by the drawings (d), (e), (f) of Fig. 1-39. These show a displacement 
in the opposite sense of atomic planes. If this originates in the right hand 
boundary and is propagated to the left, the macroscopic shear is the same. 
In the neighborhood of this imperfection, the material above the slip 
plane is in tension, and that below in compression; it is a negative dis¬ 
location. 

The work which must be done by the applied forces on a perfect crystal 
in order to produce a dislocation can be calculated from the elastic con¬ 
stants by determining the energy stored in the strained material nearby. 
Similarly, the work which must be done in order to propagate a dislocation 
by one atom distance may be calculated. 

Since the atoms in the neighborhood of a dislocation are under consider¬ 
able elastic stress, it requires only a small external force to produce a 
transition in the preferred direction. Therefore the energy expended in 
the propagation of a dislocation is small. The propagation of a disloca¬ 
tion across an entire slip plane through the body is easily shown to require 
the expenditure of relatively little energy. In fact, the energy is only a 
tiny fraction of the energy required to displace simultaneously the atoms 
above the slip plane of a perfect crystal to the neighboring equilibrium 
locations. In this way it is explained why the yield stress of single crys¬ 
tals is so very much less than would be required for the rigid displacement 
of parallel atomic planes. 

To explain the observed shear of crystalline materials under applied 
stress, it does not suffice to assume that all the dislocations are generated 
by the action of the external forces; to explain observed behavior there 
must be many such imperfections present in the virgin crystal. Under 
initial loading, certain of these dislocations are eliminated through propa¬ 
gation to the boundary of the body and work-hardening results. 

XI. Grain Boimdaries, Fracture, Precipitation of Microconstituents 

In the foregoing sections, the theory of plasticity of metals has been 
developed on the basis of homogeneity of structure without regard to the 
actual structure of polycrystalline substances, particularly grain bounda¬ 
ries. The existence of grain boundaries, segregation of impurities, and 
the possibility of other defects in the aggregate of metal crystals add 
enormously to the complexity of plastic behavior. Measurements of in¬ 
ternal friction of single crystals of copper indicate that this material is 
fairly insensitive to mechanical shock. Polycrystalline copper, on the 
other hand, has a tenfold increase of internal friction under similar condi¬ 
tions of mechanical disturbance. Grain boundaries thus appear to be a 
source of dislocations^^. 

Much has been written about viscous behavior of grain boundaries, and, 
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while there is evidence for support of this concept, it is really only necessary 
to assume that grain boundaries are areas of disorder. The effect of grain 
size in metals, when they arc stressed at elevated temperature, is evident 
in that larger grains generally show greater creep resistance than very fine 
grains. This decrease in the grain boundary areas with increased creep 
resistance coincides with the requirements of disorder. Examples of this 
effect will be shown later under specific metallic systems. 

In a characterization of metal fractures, a ductile failure is classed as 
one which necks down at fracture. Generally, in the vicinity of the frac¬ 
ture, deformed grains are visible under the microscope. The same metal 
may fail in a brittle manner with little or no necking down at the fracture 
and the grains are undistorted in the vicinity of the fracture. This descrip¬ 
tion is obviously an idealized picture. 


Fig. 1-40. Schematic curves for flow </> 

and fracture. ^ 

u. 

o5 


Strain 

At room temperature, ductile metals may fail in a brittle manner under 
high-speed impact or other types of sudden shock. It is also true that 
metals which are ordinarily ductile at room temperature may fail with a 
brittle fracture when subjected to low temperatures. In the case of steels, 
there are many factors such as notch sensitivity to increase the prob¬ 
ability of brittle failure. 

To explain such ductile and brittle behavior, it is assumed that metals 
possess a fracture stress which is larger than that required for plastic flow.* 
Where the surfaces intersect, fracture of the metal occurs. It is also 
assumed that the fracture stress of the unbroken metal is dependent upon 
the amount of deformation that it has undergone. On a conventional 
stress-strain diagram, the curve for fracture stress appears above that of 
the curve for the flow stress as in Fig. 1-40. When the flow stress for a 

* Flow stress is defined as the greatest principal stress during flow under any 
stress combination (McAdam). 
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metal is raised so that it eciuals the fracture strenf 2 ;t.h, then fracture occurs. 
Or, stated another way, if the flow stress is less than the fracture stress, 
the metal can deform plastically until it is stopped by fracture. 

If two samples of the same metal are alike in all particulars except that 
there is a large separation between the curves for flow and fracture of one 
of them, this sample then exhibits ductility. The converse is also true 
that slight separation between flow and fracture curves indicates brittle¬ 
ness. It is difficult to measure the fracture and flow stresses for a metal. 
If plastic deformation occurs, the fracture stress has changed; while if 
fracture occurs, further deformation cannot be measured. Low tempera¬ 
ture experiments where brittleness can be induced are one method of 
determining fracture strength. For single crystals, the temperature does 
not influence the fracture stress, but there is a temperature effect for poly¬ 
crystalline metals. Other variables which will (Lange the flow and frac¬ 
ture of metallic structures are the stiTss system, strain rate's, and the 
microstructure. 

The type of fracture produc('d in a metal is strongly temperature de¬ 
pendent. The effect is readily observed in a type of fracture resulting 
from grain boundary sliding or intercrystalline fractiin'. In certain metals 
such as plain carbon steel, the transition to intercrystalline fracture occurs 
in a narrow temperature range which has been designated the ecpiicohesive 
temperature. The occurrence of grain boundary sliding at fracture is also 
time dependent and is observed freciuently after long creep test periods. 
This effect will be illustrated in later sections of the text. 

The precipitation of microconstituents in a metal changes the resistance 
to creep. The presence of complex carbides in certain alloy steels may be 
largely responsible for their increase in creep resistances'^ In heat-resistant 
alloys, the precipitation of microconstituents after prolonged heating at 
high temperature will also change the creep resistance. This reaction 
may or may not be detrimental to the load-carrying ability of the material. 
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Chapter 2 

Test Methods and Equipment for Elevated Temperature 

A. Object of Elevated Temperature Testing 

Creep of metals is the continually increasing deformation which occurs 
when a metal is stressed at a constant load while held at a constant tem¬ 
perature. Creep tests are conducted to establish safe working stresses 
for materials subjected to loading sustained usually at elevated tempera¬ 
ture. The object of the tests is to determine the deformation to be ex¬ 
pected in the metal during a certain period of service. Creep tests are not 
suitable for acceptance tests since the time periods involved are too ex¬ 
tensive. 

It is convenient in investigating the creep of metals to apply a tensile 
load on the test specimen. Such a practice in general does not simulate 
actual service conditions, since shapes such as beams, pipes, shells, etc. 
arc subjected to combined stresses. However, the centrifugal forces at the 
root of turbine blades rotating at constant speed without regard to other 
forces such as bending and vibrational stresses produce tensile stresses. 
Bolts are also subjected to tensile stresses. 

I. Test Periods 

The observed behavior of metals stressed at elevated temperature de¬ 
pends importantly on the length of the test period. The time factor is 
an economic problem, as long test periods are costly. Test periods less 
than 1 per cent of the expected life of the material are not significant^. 
Wliere possible, a test period of at least 10 per cent of the service life is 
preferred. The selection of a suitable test period for any material also 
depends on the structural changes that may occur in the material and may 
render extrapolation of the data on the time axis uncertain. 

On the basis of length of the test period, elevated temperature testing 
can be classified as follows: 

(1) Creep testing at small deformations and low stresses for several 
hundreds or thousands of hours at strain rates of the order of 10“^^ 
sec~b 

(2) Stress rupture testing at larger deformations and higher stresses 
for a few hundred hours at strain rates of the order of 10“^sec“h 
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(3) Short time tensile tests conducted at large deformation and the 

high stresses encountered in the usual tension testing equipment at 

strain rates of the order of 10"®sec~’. 

Since a great deal of the data available cover creep testing of metals, 
this long time testing will be considered first. 

B. Tension Tests 

I. Creep Tests at Constant Load 

When a metal is submitted to creep testing, it is placed in a furnace and 
allowed to reach a uniform temperature. A zero reading of the length is 
taken, the load is applied, and another reading is taken within a few min¬ 
utes of application of the load. Thereafter, subsequent readings are made 
at suitable intervals during the test. The data recorded comprise the 
length and the cross sectional area of the specimen, the load, temperature, 
and the time. Of these, the temperature and extension are the most 
difficult to measure. 

Standards established for creep testing require an accuracy in recording 
the loading within 1 per cent^ Temperature variations over long test 
periods must be held to an accuracy as follows^: 

For a specimen with less than a 5-inch gage length, the temperature over 
the gage length should be controlled to an accuracy of 
dbl.5°C to 650T (db3"F to 1200°F), 

±3®C to 870^C (dh5^F to IGOO^F), and 
±6°C to 1090^0 (zb 10°F to 2000‘^F). 

The intervals of recording the extension under load of the specimen at 
the test temperature are selected to define the extension-time curve suffi¬ 
ciently accurately. This curve begins with a nearly instantaneous exten¬ 
sion, part of which is elastic, and disappears upon removal of the load. 
The plastic recovery which occurs in the specimen over a longer time after 
unloading may also be recorded. 

a. Object. The principal objective of th(^ creep test is to ascertain the 
steady state creep rate Vo = (h/dt of Fig. 2-1 for the given conditions of 
temperature and stress. Under conditions of fairly low temperature or 
stress, the final value co of the initial transient creep is also important. 
Since most creep tests have been conducted under constant load, the 
steady state creep rate is not directly observed, since the creep rate is 
accelerated by the increase of true stress due to diminishing cross section. 
Accordingly, it is customary to identify the minimum observed creep 
rate with the steady state creep rate for that nominal stress. Unfortu¬ 
nately, the acceleration on account of diminishing cross section may some¬ 
times mask variation in steady creep rate due to structural changes in 
the material. 
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b. Time versus Elongation Curves. Typical time-elongation tests on 
a 16 Cr-25 Ni-6 Mo alloy are shown in Fig. 2-2 and Fig. 2-3. The creep 
rate is determined by drawing the tangent to the curve or, if more con¬ 
venient, by calculating the average creep over a small interval of time. 
From the time-elongation curves shown, the three stages of creep can be 
seen. 

c. Stress versus Creep Rate Curve. When the constant minimum 
creep rate has been established for second stage creep, a more convenient 
method of representation is to plot this value against the applied stress 
that produced it on log-log coordinate's. If the minimum creep rates 
established for several creep tests carried out at different stresses under 
constant temperature are thus plotted, often a fairly straight line relation¬ 
ship results, as shown in Fig. 2-4. From this curve, the stress to produce 



2-1. Tension creep curve: IMastic deformation as a function of time, (.\fter 
McVet t y) 


any desired stationary creep rate for the temperature of test can be se¬ 
lected. If structural changes take place, such a procedure is impossible. 

d. Allowable Creep Rates. Materials for use at elevated temperatures 
are designed to allow for a certain minimum creep after a stated period. 
Certain designers of gas turbines have set a standard of 0.1 per cent creep 
in 10,000 hours as permissible for their service conditions. Other indus¬ 
tries allow smaller or larger deformations in service. This value corre¬ 
sponds to 0.01 per cent in 1000 hours or to 0.1 millionth of an inch per 
inch per hour. The stress to produce the permissible creep rate (e.g. 0.1 
per cent in 10,000 hours) is called the limiting creep stress. 

The difficulties and expense of carrying out creep tests over very long 
peri(xls are great. Short cuts to abbreviate the testing perioil are therefore 
very attractive. It is inviting to extrapolate into the future data which 
plot as straight lines on logarithmic stress and time scales. This practice 
is unsafe. The large amount of creep data available in recent years makes 
it evident that the facts generally do not admit of such a procedure. 
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{Courtesy Timken Roller Bearing Co.) 

Fig. 2-2. Time-elongation curves for creep tests on Alloy 16-25-6 at 650°C (1200°F) under a load of 20,000 psi. The upper cu]*ve 
represents a heat treatment of solution quenching from 1176°C (2150'"F); the lower curve represents material finished at 
815°C (1500°F), followed by tempering at 690°C (1275''F) for 6 hrs. 
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{Courtesy Timken Roller Bearing Co.) 

Fig. 2-3. Time-elongation curves for creep testson Alloy 16-25-6 at 704°C (1300°F) under a load of 12,500 psi. The upper curve 
represents a heat treatment of solution quenching from 1176°C (2150°F); the lower curve represents a material finished at 
815°C (1500°F), followed by tempering at 690°C (1275°F) for 6 hrs. 
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e. Time to Fracture. Carrying out creep testing by measuring the 
strain and calculating the strain rate even over prolonged periods does not 
in itself give any indication as to when fracture of the specimen may occur 
in the future. This is more apparent if attempts are made to predict 
fracture by translating the effects of testing to lower stresses. The effect 
of time on the deformation of a material in relation to fracture is not sim¬ 
ple. On the contrary, in general, all materials under load at high tempera¬ 
ture show a decrease in ductility with time. Changes in the structure of 
the metal such as precipitation of micro-constituents result in lowering of 
the ductility. The effect of time in decreasing the ability of a metal to 
deform will be shown later in the text for many metallic systems. 



{Courtesy American Brake Shoe and Foundry Co.) 

Fig. 2-4. Log-log plot of stress versus strain rate of cast Alloy 26-12 tested at 
1)82°C (1800°F). 

f. Increased Creep Rates due to Structural Changes. There are many 
changes occurring in a metal under load at elevated temperature which 
cause an increase in creep rates. The movements that take place in a 
crystal aggregate during recrystallization may produce creep or increase 
the creep rate. This is reported for lead which recrystallizes at room tem¬ 
perature, for brass when stressed above 370°C (700°P"), and for steel 
heated from 315 to 538°C (600 to lOOO’^F) after deformation. In general, 
the transfoimations resulting in changes in the microstructure of a metal 
or alloy produc^e increased creep rates. The creep time-curve is also 
changed by spheroidization in steel and by localized flow by means of cracks 
as observed in lead. 

g. Creep Testing Equipment. Creep testing equipment consists essen- 
the other samples on test. The equipment is often set up as a battery of 
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tially of a device for applying a constant load over an extended time, a 
means of measuring the extension of the specimen very accurately, and a 
means of heating the specimen under closely controlled conditions. The 
development of creep testing over a period of many years has been largely 
devoted to increasing the accuracy of measuring small deformations, more 



Fij^. 2-5. Lover ;irm creep 
iiKK'luno. 


{Courtesy Wesli nghouse 

Electric Corp. and Baldwin 
Locomotive Works.) 


rigorous temperature control, and increasing attention to the chemical 
composition, prior treatment, and other physical data of the test material. 

7. Arrangement of Test Specimen. Most creep testing equipment is so 
arranged that each specimen is centered in its own furnace and held on 
an individual frame so that the jar of breaking a specimen does not disturb 
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{Courtesy Baldwin Locomotive Works.) 
Fig. 2-6a. Lever arm creep machine. 


the other samples on test. The equipment is oft/en set up as a battery of 
such units in conjunction with panels for instrument control. A single 
unit®® for creep testing is shown in Figs. 2-5 and 2-6. 

Some creep testing furnaces are designed for multiple testing as in a 
recent installation^^ where 48 test bars are tested at the same temperature 
but with different loads. Another arrangement provides 36 stations in 
the same furnace with individually adjustable loads. The furnace and 
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the temperature controlling devices for this equipment are shown in Figs. 
2-7 and 2-8. The machine is so constructed that 2 bars can be inserted 



at each station so that 72 specimens are tested at the same tfane, but the 
load must be the same for each pair. In this installation, the outer jacket 
revolves slowly to maintain a uniform temperature. Within the furnace, 
each specimen has its own additional heating unit. By this method, the 
temperature variation over the gage length of the specimen is exceedingly 
small. 
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2. Loading Mechanism. For simplicity and economy, the specimefi is 
generally loaded through a lever arm by dead weights. It is often con¬ 
venient to maintain a ratio of about 10:1 in the loading arm, and, by the 



{Courtesy Sutzer Brothers, Winterthur, Switzerland.) 
Fig. 2-7. Multiple creep testing unit with control panels. 


FURNACE 



{Courtesy Sulzer Brothers, Winterthur, Switzerland.) 
Fig. 2-8. Multiple creep testing unit showing the connection of a single specimen 
in furnace with the pressure regulator. 

use of counterweights, to eliminate the tare®. In an individual case, a 
10-gm weight placed on top of the specimen grip will balance a 1-gm 
weight attached to the loading shackle®. Under these conditions, the maxi¬ 
mum error in loading is reported as 0.06 per cent. In other installations, 
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the lever arm ratio may be different, such as 20:1. The range of applied 
stress may be 50 to 50,000 psi in steps of 50 Ibs^ 

In the installation for testing 30 and 72 specimens shown in Fig. 2-7, 
space saving requirements prevented the use of dead weight loading. A 
system using hydrostatic pressure from an oil reservoir operates a series 



{Courtesu SuJzer Brothers, Winterthur, Switzerland.) 


Fig;. 2-9. Multiple creep testing unit showing loading mechanism. 

of specially designed pressure regulators in conjunction with a servo¬ 
mechanism which controls accurately the load on the test piece. Ihe 
system is conveniently operated from a central position and the load is 
applied by means of a hand wheel tor each individual specimen as shown in 
Fig. 2-9. 

The threaded ends of the test piece are held in grips of a heat resistant 
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alloy or of a ceramic material. Axial alignment is provided by crossed 
knife edges at the grip or by ball bearings at the points of leverage outside 
the furnace. 

3. Temperature ConiroL In creep testing, the maintenance of uniform 
temperature over the gage length of the test piece is of utmost importance. 
Much of the earlier creep data are unreliable due to inadequate control in 



Fig. 2-10. Radiograph of winding. 


{Courtesy American Brake Shoe 
and Foundry Co.) 


this respect. To insure a uniform temperature over the gage length of 
the specimen, the winding of the furnace may be arranged as in the radio¬ 
graph shown in Fig. 2-10. In this case, the leads are connected to shunts 
to provide more precise temperature adjustment for each individual test®. 
It is reported that, with this winding, the maximum temperature varia¬ 
tion over the gage length is ztl°F. In all installations, the temperature 
control should be automatic-recording. 

The temperature over the gage length of the specimen may be controlled 
by three thermocouples. In one arrangement, they are attached at five 
points by means of spot welding. After uniformity of temperature has 
been established, only the top, middle, and bottom couples are checked 
daily®. The maintenance of constant calibration is made difficult by 
contamination from oxides of chromium and iron which volatilize and 
condense on the thermocouple leads. Such effects may result in an error 
of 10°C (18®F). Temperature variations along the gage length of a test 
bar at 982®C (1800®F) and 760®C (1400®F) are shown in Fig. 2-11. Fluctu- 
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ations of temperature for a short period® and for a long period are shown 
in Figs. 2-12 and 2-13 in the installation shown in Fig. 2-10. 

In a room filled with a group of creep testing furnaces, variations due 



{Courtesy American Brake Shoe and Foundry Co.) 


Fig. 2-11. Representative thermal gradients along test bar gage lengths. 
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{Courtesy American Brake Shoe and Foundry Co.) 
Fig. 2-12. Short time fluctuations in control temperature. 


to temperature fluctuations in the Constantan resistance slide wires and 
in the batteries of pyrometers must be considered. In many instances, 
air conditioning has been used. Voltage regulation of the power supply 





80 


METALS AT HIGH TEMPERATURES 


is also important; fluctuations should not exceed the order of d: I per cent*. 

4 . Effect of Temperature Variations. That the results of creep tests 
may be critically dependent upon the maintenance of uniform tempera- 
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{Courtesy Americun Broke Shoe and Foundry Co.) 
Fig. 2-13. Long time fluctuations in control temperature. 
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ture is indicated by an interesting experiment* on two identical specimens 
of a cast 26 Cr-Ti Ni steel having the following analysis: 


Material 




Chemical Analysis 




C 

Mn 

Si 

Ni 

Cr N 

Cast 26-12 


0.32 

0.46 

0.45 

11.5 

25.9 16 

Bar 

Stress 

Temp 

Time 

Elong. % 

Type of 


psi 

(^’C) 

("F) 

(hrs) 

per 1000 hrs 

Test 

A 

3000 

982 

1800 

530« 

3.9 

Standard 

B 

.3000 

982 

1800 

221^^ 

26.0 

20° F cycle 


(a) Specimen broke. 

(b) Test discontinued. Bar had 4.5 per cent residual elongation. 

Both bars were subjected to the constant stress of 3000 psi at the average 
temperature of 982°C (1800°F). For bar A, the temperature was main¬ 
tained constant at the average value and the steady creep rate of 3.9 per 
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cent per 1000 hours observed. For })ar B, the temperature was varied by 
zh6°C (dblO°F) about the average in a cyclic fluctuation of 7 minutes 
period. In this case, the reported steady creep rate was more than 20 
per cent per 1000 hours, d'his is very miu^h greater than the rate corre¬ 
sponding to the constant temperature equal to the peak value of 1810°F. 

5, Test Specimens. The standard test bar recommended for use has a 
uniform cross section accurate to dbO.5 per cent throughout the gage 



{Courtesy American Instrument Co.) 
Fig. 2-15. Schematic drawing of Tuckermann strain gage. 

length, which is at least 2 in*. 8 . 12,14 q’hg diameters are often 0.505, 
0.357, or 0.252, but the preference is 0.505 in, as shown in Fig. 2-14. 

6 . Extensometer Measurements. There are various methods for reading 
elongations of the specimen. Extension arms attached to the specimen 
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protrude from the furnace and operate micrometer dial gages or optical 
levers. The Tuckermann optical strain gage consists of an extensometer 
attached to a test piece to measure an increase or decrease in length, and 
an auto-collimating tube with a reticle for reading the change in dimension. 
The tube is separate from the extensometer and may be adapted to reading 
more than one specimen. In Fig. 2-15, the optical system and arrange¬ 
ment of the parts are shown for measuring changes in length of a test piece 




Fijr. 2-l(). Tuckermann strain ^^age. 



{Courtesy American Inslrumeut Co.) 


at room temperature. Two extensometers may be attached to the speci¬ 
men, one on each side, and the readings averaged. This arrangement 
automatically compensates for slight bending if it occurs in the test piece. 

The extensometer carries a knife edge at one end mounted on the speci¬ 
men for marking the gage length. A lozenge of ground and polished 
''Stellite’^ rests on the specimen and marks the other end of the gage length 
which for a 2-in section may be as accurate as ±0.0002 in. As elongation 
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or contraction occurs in the test piece, the lozenge rocks on one edge and 
deflects a light beam reflected from the surface of a prism also shown in 
the drawing. The degree of rocking is measured in the auto-collimator. 
This optical strain gage measures changes in length with a sensitivity of 
0.000002 in. 



Fig. 2-17. Unit for recording strain and time. 

For elevated temperature service, it is necessary to place the extensom- 
eter outside the heated zone of the furnace. In Fig. 2-16, a typical arrange¬ 
ment is shown for attachment of the extensometer indicated by the letter A. 
The two adapters at B are clamped to the specimen C and mark the gage 
length. The rods D extend from the top and bottom adapters to the 
extensometer below. The upper portion of this apparatus operates in 
the heated zone of the furnace. From the illustration, it is evident that 
the two rods D which are attached to each extensometer transmit the 
dimensional changes in the gage length to the extensometers placed at 
either side to compensate for bending of the specimen. The extensom¬ 
eters rest on a metal plate F and are held flexibly against the rod G. 

In the creep equipment shown in Fig. 2-5, automatic reading of the 
elongation of the specimen is provided by the unit shown in Fig. 2-17. 
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The extensometer is attached to the specimen by pin holes drilled in the 
shoulder of the specimen^®. As the specimen elongates, electrical contacts 
in a circuit become separated and the break excites an electric motor which 
drives a follow-up and closes the contacts again. The motor also operates 
a revolution counter whereby the elongation of the specimen is recorded. 
In this equipment, the revolution counter registers extensions in units of 
0.000025 in. In another installation, the counters are photographed by 
a motion picture camera which takes a single exposure every 4 hrs^^. 

7. Furnace Atmospheres. Some creep tests are equipped to operate in 
inert atmospheres, but, for the most part, tests are conducted in air^®. 
Creep testing of aluminum alloys is carried out in furnaces immersed in 
liquids for maintenance of the temperature required. For lower tempera¬ 
tures, hot water under thermostatic control is satisfactory^®. For tem¬ 
peratures up to 190°C (375‘^F), boiling glycol-water solutions recirculated 
by a reflux condenser maintain a temperature control of less than =bl^°F 
in the system. 

8 . Form for Reporting Data. A standard form for reporting creep 
measurements is shown in Table 2-1 which is recommended by several 
laboratories from many years of creep testing. Emphasis is placed on a 
complete description of the manufacturing procedure and the physical 
properties of the material prior to testing. Space is provided for the 
recording of the conditions of the creep test as temperature, load, elonga¬ 
tion, and time. Subsequent to plotting of the elongation versus time, the 
tangent to the curve, the intercept, and the creep rates are recorded. After 
completion of the test, changes in the microstructure and physical proper¬ 
ties due to stressing at elevated temperature may be noted. 

II. Stress Rupture Tests (Creep Rupture Tests) 

a. Object. Stress rupture tests (sometimes called sustained load tests) 
are conducted to estimate the ability of a metal to resist fracture under 
prolonged stressing at elevated temperature. They differ from creep tests 
in that stresses are raised suflSciently to cause failure in shorter periods 
usually not exceeding 1000 hrs. Many stress rupture tests are conducted 
in 10 to 400 hrs. For certain types of service it may be important to know 
the strain of the metal at the time of fracture. This is obtained from 
measurements of the specimen after fracture. 

The data recorded from these tests are usually plotted in log-log co¬ 
ordinates of stress versus rupture time and the stress varied to produce 
rupture in 10, 100, and 1000 hrs. If no structural changes occur during 
the test period, a straight line relationship usually holds. For example, 
Fig. 2-18 shows the fracture time for different stresses at 982°C (1800°F) 
for a cast 25 Cr-12 Ni alloy®. 
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While the principal objective of the creep rupture test is to determine 
the time to fracture, it is possible before fracture to determine the elonga¬ 
tion as a function of the time, as in an ordinary creep test. From these 
additional data, the steady creep rate at very high stresses may also be 
estimated. The stress rupture data become more edifying if the creep 
data are also presented as in Fig. 2-18. For instance, if the permissible 
creep rate were as great as 0.0001 per cent per hour, the limiting stress at 
982°C (1800®F) for the material would be determined by Fig. 2-18 as 2200 
psi which corresponds on the figure to fra(‘ture in less than 5000 hours. 


u. 






■■ 


■1 


' 


— 



n 

■ 

r~n 

n 

n 

n 

— 

— 

— 

□ 

n 

— 



"rr 


S9!i 


L_ 


_ 


■ 

■ 

! 




■ 





■ 

■ 





: 




■11 








■ 

■ 

1 




■ 




■ 

■ 

1 




■ 

1 




■■1 










■ 

1 




1 




■ 


1 








■ 

■1 

mm 



■ 

■ 

1 



S 

n 

< 

! 



■ 

1 












■ 

■1 

■ 

■ 

1 

1 

1 



■ 

g 

N 


1 

1 




■ 

1 

I 







■ 

■ 

II 

■ 

■ 

1 

1 

1 

■ 

■ 

1 

! 




8 

1 

i 

■ 

■ 

1 

1 

1 

■ 

■ 

■ 




■ 

1 

II 

1 

i 

I 


! 

i 

1 

1 

1 


■ 

1 

1 

1 

I 

1 

B 

! 

! 

! 

■ 

1 

1 



■ 

■ 

1 

n 

1 

1 



1 

1 

1 


1 

1 


■ 

1 

1 

1 


■ 

■ 

1 

1 

1 

1 

1 




1 

1 

1 


1 

L e o e IS o 

CV. Mn7. 5i7. TnIi*'. Cr7. f 4 

O .3a ^4- ^4- H4. 2CI 13 

• 3 a .56 4-9 MS 26 4 IE 

■ 




□ 









■■1 


■11 




■ 

1 





■ 

1 




■II 




■ 

1 










■II 



■ 

■ 

1 






■ 

1 



■ 

■II 






_ 





bhi 

bhi 

Bi 

■ 

■ 

i|BB 




■ 

1 

1 



■ 

I 

1 

'IB 


■ 

1 

1 



■ 

1 

1 

'H 


■ 

1 

1 



■ 

ill 

_j 

_ 


_ 

1 

_ 




1 

■ 


_ 


1 

■ 


_ 

_ 

1 

■ 



1 

1 




III 


1 lO iOO lOOO lOOOO HOUR5 

OOOOt 0.001 OOi OI I hour 


Fig. 2-18. Correlation of creep data with stress rupture data. (After Fellows, 
Cook, and Avery) 

A warning must be given here against the practice of extrapolating the 
time-to-fracture curve to predict failure of materials at the low stresses 
and long periods encountered in creep testing. It must be remembered 
that overloading bars at high temperature and attempting to extrapolate 
these data to lower stresses may lead to many dangerous conclusions. 
However, stress rupture data yield useful information for limited service 
life, particularly for gas turbines operating in aircraft. 

b. Design Curves. When the stress rupture test is conducted by meas¬ 
uring the elongation of the specimen at specified intervals, and the time 
and strain at fracture, another presentation of the data is often useful. 
This representation, known as a design curve, exhibits in a single drawing 
the results of stress rupture tests at many applied stresses as in Fig. 2-19. 
Here the time to rupture for the given material is exhibited as a function 
of the applied stress, the stress scale being linear and the time scale being 
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logarithmic. The strain at rupture is indicated for the several loads at 
which the tests were conducted. Additional information is given by curves 
showing the time to reach 0.2 and 0.3 per cent strain at various stresses. 
The curve for transition from second to third stage creep identifies the 
time and stress at which acceleration in the strain rate due to necking 
begins, the corresponding strains being recorded on the figure. The mini¬ 
mum creep rate as a function of the stress is represented by a curve referred 
to the upper scale. 

CREEP RATE-•/,/>« 



2-19. ]3e.si{j;n curves for K42B* at 65()°C (12(X)°F). Specimens machined from 
hot rolled bar stock. Heat treatment: Solution treatment 1065°C (1950°F), 1 hr.; oil 
quenched; aged 732°C (1350°F), 20 hrs. (After Scott and Gordon) 

* See Chapter 5 for further description of this allo3'. 

c. Equipment. The equipment used in creep testing is suitable for 
stress rupture measurements if allowance is made for the difference in 
elongations which occur in stress rupture tests, since the stresses are much 
higher. The exlensometer is therefore less sensitive in design and may 
read in ten-thousandths of an inch (0.010) for strains up to failure^^. Since 
elongations are large the test specimen may be designed with a shorter 
gage length, such as 2 in. 

Recent designs in equipment for conducting creep rupture tests incor¬ 
porate some novel features for labor saving and space saving improvements. 
The machine shown in Figs. 2-20 and 2-21 does not use weights and lever 
arms for application of the load, but a motor driven screw jack loads the 
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specimen through a spring load weighing block. Creep, or elongation, 
is measured by the travel of the screw jack while engaged in maintaining 
constant load on the specimen. The deflection of the spring load weighing 
block is indicated by the dial gage which has been calibrated in pounds 
load on the specimen. An electric contact on this dial gage controls the 
motor driving the jack to hold the load constant on the creeping specimen. 



Fig. 2-20. Screw driven stress rupture machine. 


{Courtesy Weslinghouse Electric Corp. and Baldwin 
Locomotive Works.) 


The capacity of this machine is 100,000 psi on a standard 0.505 in test piece. 
This screw driven type of stress rupture machine can also be adapted to 
short time tension tests and relaxation tests. 

in. Short Time Tension Tests 

Short time tension tests at elevated temperature are used to study the 
effect of heating a sample and testing under strain rates encountered in 
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{Courtesy Westinghouse Electric Carp, and Baldwin Locomotive Works.) 
Fig. 2-21. Schematic drawing of Screw Driven Stress Rupture Machine. 


the ordinary tensile testing machine. These tests do not indicate the proper¬ 
ties of a metal subjected to stressing at high temperature for long periods. 
They are, however, sometimes used for rapid estimation of materials 
which may warrant further study. 
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Short time tension tests are carried out in any standard tension testing 
machine with suitable arrangement for heating the specimen and holding 
the temperature constant for the short test period. An automatic stress 
strain recorder is convenient to use with this equipment. The arms of the 
extensometer which reach into the furnace may be made of some heat 
resistant alloy. 

IV. Relaxation Tests 

The phenomenon of relaxation is exhibited when a metal is stretched 
and held at a given elongation so that the strain remains constant. Under 
these conditions, creep begins at a rate dependent upon the stress in the 
test piece. Due to the restraint in the metal, a release of the load occurs, 
which is balanced by an elastic shortening of the material under test 
A schematic drawing of this phenomenon was shown in Chapter 1 (Fig. 
1-34). Relaxation tests are especially useful for determining stresses 
suitable for materials to be used for bolts under conditions of high tempera¬ 
ture. Relaxation tests can be conducted in several different ways. In 
one type of test, the sample is placed in the furnace cold and stressed to 
some predetermined value which is selected to give the maximum allow¬ 
able deformation of a bolt in service. After a suitable time at test tempera¬ 
ture, the creep rate is measured for this stress. The stress is then lowered 
a specified amount and the creep rate again measured. A record is main¬ 
tained of the creep rates for the different stresses of this step down test. 
The residual stress may be taken at the end of, for example, 1000 and 10,000 
hrs. Many heat resistant alloys are examined on the basis of the deforma¬ 
tion resulting from an initial stress of 50,000 psi. 

A relationship for the residual stress and relaxation creep data has been 
suggested by Robinson as follows^^: 



t =* elapsed time (hr) 

6 as elastic ratio, total system to that of creep bar 
n =a % increase in creep rate per % increase in stress 

or the inverse slope of stress-rate curve for creep test' 

E « modulus of elasticity (psi) 
ro ** nominal creep rate (in/in/hr) 
jSo nominal strength (psi to cause ro) 

S residual stress (psi after time 0 

V. Abridged Methods of Creep Testing 

In the earlier investigations undertaken to establish creep data for 
metals at elevated temperature, numerous attempts were made to devise 
experiments to evaluate the long time behavior of the specimen from short 
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time tests. These depend on setting standards for allowable deformations 
at periods of only a few hours^. 23 . 24.26 difficulties in such evalua¬ 

tions still remain, so that extrapolations on the time axis are uncertain. 
For short test periods, it is often impossible to establish second stage creep 
rates. Furthermore, short test periods do not take into account the possi¬ 
bility of structural changes in the material during its service life. For all 
creep testing, the great problem is the prediction of structural changes which 
may occur over long periods. A recent evaluation of several of the early 
standards for creep tests indicate some promise, and they are therefore 
given below^ 

a. Hatfield Time Yield. The Hatfield time-yield test is based on a 
total period of 72 hrs. The time-yield stress is defined as the maximum 
stress which produces a deformation not greater than 0.05 per cent during 
the first 24 hrs. This time-yield stress, moreover, during the next 48 hrs 
must not produce an average creep rate greater than 10“® in per in per hr. 
The limiting creep stress has had several interpretations, such as the stress 
required to produce 0.048 per cent or 0.05 per cent elongation during the 
last 48 hrs. To conduct a time-yield test, the specimen is subjected to 
several different stresses and the deformation plotted against the time. 
Extrapolation of these values provides information on the stress required 
to obtain 0.0005-in deformation between the 24th and 72nd hour of test. 

b. D.I.N. (D.V.M.) Method (German). This method likewise suggests 
a shortened test period, which is the stress required to produce a creep 
rate of 1 per cent per 1000 hrs between the 25th and 35th hour. The 
stress for this creep resistance is defined as the “conventional limit^\ and 
the test period is a total of 45 hours. The second requirement is that the 
permanent deformation should not exceed 0.2 per cent by the end of the 
45th hour. 

c. Barr and Baurdgett Method. This test is an accelerated type of test 
lasting 48 hours; it depends on the relaxation or decrease in stress in a 
specimen over this period. A test piece 6 in long by 0.25 in diameter is 
fastened at both ends and stressed in axial tension in a heavy frame. The 
load is applied by means of a screw at the top of the specimen at some 
selected constant temperature. A weigh bar attached at the lower end of 
the specimen measures its extension by means of a dial gage. The elonga¬ 
tion of the weigh bar is calibrated for various values of the load. 

At the selected test temperature, an initial stress is applied to the speci¬ 
men. During the 48 hour period, the specimen elongates and the decrease 
in stress is recorded at the end of the test. Several tests are conducted 
at the same temperature with different initial stresses. Curves are drawn 
to show the decrease of stress plotted against the initial stress. The 
“limiting creep stress’^ is defined as that stress which will not decrease 
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measurably for the 48 hour twisting period, and is indicated by the inter¬ 
section of the curve with the initial stress axis. 

C. Crke:p TewSts ttndek Constant Strf.ss 

Creep tests carried out under constant stress require a device for main¬ 
taining the stress constant as the specimen elongates during the test. 
Under the assumption that the volume of the material remains substan¬ 
tially constant during the test, 

A _lo 
I 


where k and Ao are the length and cross-sectional area of the specimen 
at the moment of application of the load and I and A are the length and 
cross-sectional area at some subsequent period. Devices for constant 
stress tests consist of methods for decreasing the load on the specimen as 
it elongates since the force is inversely proportional to the elongation. 

I. Device using V-Shaped Specimen® 

One convenient arrangement utilizes a wire bent into a V-shape with 
the ends supported at the top and a stress applied at the vertex of the angle 
as shown in the inset of Fig. 2-22. As the legs of the V-shaped specimen 
elongate, the angle ao becomes smaller and the load decreases. If the force 
in the vertical plane is F^, the load applied at the vertex is ic, and the angle 
after closing is a, then 


The stress S in each leg is expressed as, 


S 


F 

A 


W a 



At the time of starting, 


where So, ao, and Ao are initial values. 
Then 


ao 

S Ao 2 
So^A 

cos- 

2 
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Fij?. 2-22. Schematic (Irawins of V-shaped specimen for constant stress creep 
test. Chirves show variation of stress with initial angle. (After Fisher and Carreker) 




. «o 
sm ~ 
2 


b 

r 


Eliminating a by this equation yields 



If ao is made nearly equal to 90°, the stress S is found from this expression 
to vary but little with increasing elongation as illustrated by the figure. 
In this graph of S/So versus the true strain c, variations are shown for ao 
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at 85, 90, 95, and 100°. The two dashed lines indicate a small range for 
the ratio S/Sq from values of 0.99 to 1.01. It is also possible to measure 
the small increase x at the vertex during the test rather than the change 
in length of the specimen. The upper line in the figure marked oo = 0 
(specimen is a straight line) shows the relation to S/So and the true strain 
€. This method is suitable for testing small wires with a reasonable ac¬ 
curacy. It could be used with larger specimens with suitable grips for 
holding the two rods at the vertex. 

n. Device using a Weight Operating through a Linkage^ 

A more complicated and somewhat more accurate method than the one 
described above maintains a tensile force on a horizontal specimen which is 
pulled from both ends so that the center does not change its position. 



Fig. 2-23. Device for maintaining constant stress 
on a rod operating through a linkage. (After 
Andrade) 


During the test, the pull diminishes as the specimen elongates and decreases 
in cross-section. In Fig. 2-23, a cylindrical specimen S'S is attached at 
either end to the rigid rods AB and CD which are pivoted at positions 
B and D. A weight placed at W applies a force at G and H which in turn 
causes A and C to approach each other as the specimen increases in length. 

From the geometry of the system, 

^ ^CD 
GB * HD' 


If AG = Gj GB — /, and r = 


CD 

HD^ 


then 


r as 
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If GL = HL = p and the angle subtended at GLH = 2fl, the horizontal 
force at G is 

F ~ \w tan 6. 

2 

The axial force is 

P' = i IT tan e. 

2r 

Assume that at the time of starting, the length is k and the angle ^o, and 
at some subsequent time, the length is I and the angle 6. Then the speci¬ 
men length I is 

I — lo-{- 2pr(sin $ — sin do). 

If c = 2pr/lo , it follows that 

/ = + cCsind — sin do)]. 

It follows by an argument similar but more complicated than that outlined 
for the V-shape specimen that constancy of stress may be maintained within 
very close limits of accuracy. In fact, for a value of a of 8^^, where 
a = $0 — 0, Si specimen which has been extended 30 per cent, may be held 
to a constancy of stress of 0.2 per cent. This linkage method of test offers 
an advantage in accuracy over the V-shaped specimen in that there are 
two parameters, c and to adjust. 

D. Torsion Creep Tests 

Metals may be tested at elevated temperature in torsion with specimens 
in the shape of thin walled cylinders which provide a fairly uniform radial 
stress distribution depending upon the wall thickness and diameter of the 
test sample. However, the difficulty of manufacturing certain heat re¬ 
sistant alloys in tubular form may preclude this type of sample. One 
arrangement for creep testing in torsion has the lower end of a tubular 
specimen attached rigidly to a frame and twists the upper end through a 
constant torque^. Means are provided for heating the specimen at con¬ 
stant temperature and for reading the angle of twist to determine the 
shear strain. 

A view of an installation for creep testing in torsion showing the furnace 
for heating the specimen and a wheel for application of the load in torsion 
is given in Fig. 2-24. This equipment is designed to test a solid cylinder 
utilizing a cylindrical specimen 22 in long and | in diameter with a 2 in 
gage length of 0.75 in diameter. 

The equipment may be utilized for a rapid twist test by means of a 
variable-speed D.C. motor. The displacement of a pendulum p-ttached to 
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one end of the specimen indicates the maximum torque. Long-time 
torsion creep-testing is controlled by a constant load applied by a torque 
wheel. The equipment provides autographic recording of the load versus 
strain for the short-time twist test and for the strain versus time for the 
torsion creep test. With this arrangement graphs of torsion creep rate 



{Courtesy M. WKellogg Co.) 
Fig. 2-24. Equipment for creep testing in torsion. 


versus the maximum fiber stress in torsion plotted on log-log coordinates 
appear to follow a straight line under the test conditions as reported. 

To evaluate the tension and torsion creep test, a comparison is given 
in Table 2-2 of the results of creep in tension and creep in torsion of a 
steel tested in the form of a hollow cylinder. The analysis of the material 
is as follows^: 

C . Mn S P Si Mo 

0.146 0.54 0.018 0.015 0.21 0.53 
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The steel was produced in a 60 ton open hearth furnace; the samples had 
a heat treatment of annealing at 732°C' (1350°F) for 1 hr followed by fur¬ 
nace cooling 27°C (50°F) per hr to 593°C' ( 1100 °F), and were finally cooled 
in air. 

Steels at room temperature have a ratio of yield point in shear to yield 
point in tension of about 0 . 6 . From the results shown in Table 2 - 2 , this 
ratio still holds at test conducted at 426°C (800°F). When the tempera¬ 
ture is raised to 565°C (1050°F), the ratio of creep in torsion to creep in 


Table 2-2. 

Comparison of 

Torsion Creep 

AND Tension Creep in 

A 



0.5 Per Cent Mo Steel 



CC) 

Temp 

(‘’F) 

Type of Test 

Stress for Designated Creep Rate 
(psi) Rate % per 1000 Hrs 
at 0.01% at 0.10% 

Ratio Torsion Creep to 
Tension Creep 
at 0.01% at 0.10% 

426 

800 

Torsion 

12,200 

17,800 

0.63 

0.60 

426 

800 

Tension 

19,250 

29,750 

565 

1050 

Torsion 

4950 

7500 

0.80 

0.69 

565 

1050 

Tension 

6200 

12,800 


tension is 0.6 for the higher creep rate of 0.10 per cent per 1000 hours, but, 
at the lower crt^ep rate of 0.01 per cent per 1000 hours, this ratio becomes 
0 . 8 . 


K. Combined Stress 

I. Notched Specimens 

The effect of combined stress in its relation to high temperature will next 
be examined. A state of stress represented by a triaxial stress system in 
which the mutually orthogonal principal stresses Si, 52 , and S 3 have different 
v'^alues is difficult to obtain experimentally. A biaxial stress system where 
two of the principal stresses are equal is a simpler representation for the 
case where the principal stress si is the greatest and the stresses S 2 and S 3 
are equal. Combinations of the uniaxial stress systems and the torsion 
experiments described in the preceding sections of this chapter provide one 
means of establishing a biaxial stress system. Another experimental ap¬ 
proximation to a biaxial stress system is a notched solid cylindrical rod in 
tension in which the principal stress Si operates along the axis of the speci¬ 
men and the radial stress perpendicular to 5 i and algebraically less than 
si, occurs at the base of the notch where the cross section is a minimum. 
The radial tension at the minimum diameter is comprised of the two stresses 
S 2 and 53 , equal to each other, mutuallj'^ perpendicular and rotatable around 
the axis of the specimen. In such a system, it is assumed that the radial 
stress is uniform. The distribution of the stress within the notch is contro¬ 
versial but it is sometimes considered as zero at the outer surface limited 
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by the boundary conditions and reaches a maximum at some interior 
position. 

Tension tests on notched bars are effective in relating the influence of a 
biaxial stress system to the true breaking stress, the yield strength, and 
the true strain. The presence of the notch adds the variables of notch 
depth, notch angle, and radius at the base of the notch. The evaluation 
of the stress concentration factor is difficult but it is known to decrease 
during plastic deformation. The extent to which plastic deformation 
relieves the stress concentration at the base of the notch is large for certain 
metals as copper and less for many other metals. 

Although the experimental results of the effects of biaxial stress systems 
on metals at room temperature have been investigated to a considerable 
degree, much less information is available for creep tests on notched speci¬ 
mens at high temperature. A few suggestive experiments are indicated 
in this section to show some of the trends that certain alloy steels exhibit. 
If notched bars are broken in a stress rupture test at elevated temperature, 
it is found that the existence of the radial stress component has sometimes 
increased and some times decreased the time to fracture, as compared to 
the effect of the same test on a smooth bar. 

It is possible to compare the effect of different types of notches with 
unnotched specimens by conducting stress rupture and creep tests at ele¬ 
vated temperature and by evaluating the true stress and the reduction of 
area at the time of fracture of the specimen. The results of such a series 
of tests are shown for an austenitic steel with the following composition^®: 

Steel No, 1 Chemical Composilion (%) 

C Mn Si Ni Cr W V Co Cb 

0.47 1.02 1.4 14.3 13.9 3.14 0.2 10.0 2.3 

The test specimens consist of unnotched creep test pieces and of two types 
of notched bars, one with a sharp V notch with an angle of a 00° opening 
and one with a round notch of 1.5 mm radius of curvature. The results 
of testing at 650°C (1202°F) and 700°C (1292°F) for various periods of 
time from 2 minutes to 2350 hours are shown in Fig. 2-25. When the true 
stress in kg per sq mm measured at fracture is plotted against the per 
cent reduction in area on linear scales, an S-shaped curve can be drawn 
through the points at constant temperature to indicate the variation in 
the reduction of area or ductility. 

The solid line in Fig. 2-25 shows the test results at 650°C (1202°F); the 
broken line shows the results at 700°C (1292°F). The reduction in area 
plotted against the true stress for the smooth bars follows the double 
S-shaped curve consistently. The minimum contraction is indicated at 
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about 169 hrs; the maximum contraction occurs at the opposite end of 
the second loop at 1673 hrs. 

The position of the notched bars shown in Fig. 2-25 also follows a pat¬ 
tern in these tests. At 650°C, the bar with the sharp notch of 0.5-mm 
radius and a 60° angle broke in 35 hrs with a reduction in area of about 4 
per cent. The bar with a round notch of 3-mm radius broke in 1012 hrs 
with a reduction in area of about 13 per cent. 

The results of testing notched bars at 650°C suggest that the bar with 
the sharp notch failed in 35 hrs due to the greater stress concentration at 



Fig. 2-25. True stress at fracture versus reduction in area for Steel No. 1 tested 
at 650 and 700°C. (After Siegfried) 


the base of the notch. It is also in the region of the curve where the de¬ 
formation capacity is lower. The other notched bar with a testing time 
of 1012 hrs has a lower stress concentration due to the rounded notch, and 
at the same time it is in the region of the curve where the deformation 
capacity at this loading period is greater. 

From such curves it is evident that the deformation capacity of this 
steel varies considerably with time and may increase or decrease depending 
upon the course followed in the S-shaped curves. This method of showing 
the effect of true stress, reduction of area, and time has been duplicated for 
several steels and for tin alloys. It appears likely that the S-shaped curves 
exist for other metallic systems. 
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Fig. 2-26. Fractured test bar of 
Steel No. 2 for a rupture time of 
55 hours at 650°C. (After Sieg¬ 
fried) 




The type of fracture varies somewhat depending upon the position of 
the test specimen in relation to the S-shaped curves. In Figs. 2-26, 2-27, 
and 2-28, fractures at 650°C are shown for an austenitic steel of the follow¬ 
ing composition^®: 
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Steel No. 2 Chemical Composition (%) 

C Mn Si Ni Cr W Mo Ti 

0.15 1.3 0.86 31.34 15.35 1.06 1.0 0.52 

The steel in Fig. 2-26 represents a fracture which occurred after 55 hrs 
and a reduction in area of 9.6 per cent. Although the graph of the S-shaped 
curve is not shown here, this steel represents the front portion of the S-curve 
where the deformation capacity is small. The fracture shown in Fig. 2-27 
represents the same steel which failed after 2567 hrs at 650°C, with a re¬ 
duction in area of 29.3 per cent. This steel on the S-shaped curve rep¬ 
resents the area at the opposite end of the loop where the deformation 
capacity is high. However, the fracture in this case appears quite different 
from that of Fig. 2-26. In Fig. 2-27 the neck formation superimposes a 
radial stress which causes a general loosening of the crystalline structure 
and the formation of many fine cracks in the vicinity of the fracture. The 
fracture of this same steel is shown in Fig. 2-28 for a bar with a rounded 
notch of 1.5-mm radius of curvature. This specimen fractured after 150 
hrs at 650°C. This steel also shows a large number of cracks which formed 
before fracture. The stress concentration in the round notch is not as 
severe as the sharp notch, but the radial stress that does exist tends to 
reduce the deformation capacity and cause extensive cracking before 
failure. 

F. Hot Fatigue Tests 

Hot fatigue tests involve holding a specimen at elevated temperatures 
under closely controlled conditions and subjecting it to alternating stresses. 
Most of the hot fatigue testing has been carried out with standard equip¬ 
ment of either the rotating beam or the tensile stress type. Such assem¬ 
blies are modified by surrounding the specimen with a furnace for heating 
the test specimen to the desired temperature. Even with such arrange¬ 
ments dissatisfaction is expressed over the fact that laboratory test methods 
do not represent the actual stresses encountered in service conditions such 
as gas turbines. It is claimed that the impulses in turbines are character¬ 
ized by a very high frequency and that bending stresses and torsional 
stresses are superimposed on the stresses derived from centrifugal forces. 

It appears evident that heating of the test piece above 538°C (1000°F) 
results in a fatigue curve which does not have a true endurance limit. 
Furthermore, at a temperature of 871°C (1600°F), all special alloys for 
high-temperature service subjected to 100 million cycles of stress are an¬ 
nealed and fail at about the same stress, in the neighborhood of 10,000 psi. 

One arrangement for hot fatigue testing of Ni alloys consists of a standard 
rotating-beam machine operating at 3450 rpm in which the test bar is 16 
in long and has a turned-down section 10 in long in the center of the piece. 
The diameter of the bar is 0.350 in and the 3 in ends of the bar are held in 
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grips. A heating unit is slipped over the specimen in the 10-in section 
and heating of the gage length is conducted in air with a temperature 
control of ± 3^C (=t5°F). 

G. Hardness Tests 

I. Room Temperattire 

Hardness testing at room temperature of certain alloys is used during 
the manufacturing process to indicate steps in solution heat treatment and 
subsequent precipitation hardening. The following conversion Table 2-3 is 
included here to indicate changes in hardness that may occur in such alloys 

Table 2-3. Relation of Rockwell C to Diamond Pyramid Hardness (Vickers) 
FOR Precipitation-hardened Austenitic Alloys®^ 


Diamond Pyramid 
(50-kg load) 

Rockwell C 

Rockwell C 

Diamond Pyramid 
(SO-kg load) 

400 

39.6 

40 

403 

390 

38.5 

38 

385 

380 

37.4 

36 

367 

370 

36.3 

34 

349 

360 

35.2 

32 

331 

350 

34.1 

30 

315 

340 

33.0 

29 

307 

330 

31.8 

28 

300 

320 

30.6 

27 

293 

310 

29.4 

26 

286 

300 

28.0 

25 

280 

290 

26.6 

24 

274 

280 

25.0 

23 

268 

270 

23.4 

22 

262 

260 

21.6 

21 

257 

250 

19.5 

20 

252 



19 

248 


as K42B, ‘^Discaloy’’, and '‘Refractaloy'’ 26 during manufacturing^^. The 
figures represent diamond pyramid hardness (DPH) under a 50-kg load 
converted to standard Rockwell C scale. These alloys are precipitation- 
hardened by titanium. 

In general, hardness tests have not been correlated with the structure of 
alloys in the solution treated (quenched state) nor in the aged condition 
where many metals show precipitation of certain constituents over a 
period of time when exposed to elevated temperatures. Some changes in 
hardness do occur, but either they are not consistent or cannot be dupli¬ 
cated for various temperatures and times of exposure. 

The microstructure of gas-turbine alloys consists of a relatively soft 
austenitic matrix through which is dispersed a network of hard complex 
carbides. The indenters used for both Rockwell and Brinell readings are 
too large to indicate small significant changes in hardness during aging. 
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The Knoop hardness tester, which indents on a microscale, can be cen¬ 
tered on the austenitic matrix where precipitation is taking place. Hardness 
values obtained with the Knoop tester do show changes occurring in the 
austenite, but they are inconsistent due to a lack of uniformity in orienta¬ 
tion of the austenite grain as a whole^^. 

II. Hot Hardness Tests 

(1) Static tests for hardness at elevated temperature are conducted by 
surrounding the specimen with a heating unit, placing it on an anvil, and 
then measuring its hardness by conventional methods. To protect the 



{Courtesy of Climax Molybdenum Co.) 
Fig. 2-2t}. Hot hardness testing equipment. 


surface of the specimen from oxidation, it may be immersed in water, oil, 
or salt baths for measurements at moderate temperatures. At higher tem¬ 
peratures, the specimen may be prevented from oxidation by a controlled 
atmosphere such as nitrogen or by the use of an evacuation system main¬ 
tained at 10““® mm mercury or less.® 
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Due to the possibility of oxidation, a diamond indenter is required for 
hardness tests and, because of the time factor involved in static testing, 
tjie indenter must be at the same temperature as the specimen itself. Since 
a metal flows at elevated temperature, the time of testing should be kept 
constant if comparisons are to be made of different materials. An arrange- 



Fig. 2-30. Hot hardness equipment showing position of speciinon and furnace. 
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ment for static hot hardness testing with an evacuation system is shown in 
Figs. 2-29 and 2-30®. 

The results of static hot hardness tests are valuable in a few instances. 
In the development of certain chromium base alloys, it is possible to set a 
minimum hardness requirement, in this case a value of 200 Vickers pyramid 
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hardness at 871° C (1600° F), to determine which compositions show prom¬ 
ise of good creep strength^^ However, static hot hardness tests do not indi¬ 
cate aging and diffusion consistently in steels or heat-resistant alloys. 
There is also no satisfactory correlation generally between static hot hard¬ 
ness and high-temperature strength or ductility. 

(2) Dynamic hot hardness tests depend upon the indentation obtained 
by striking a specimen rapidly. The specimen is heated in a furnace for a 
specified period, removed and struck a blow within a short period of 1 to 
1.5 sec. Since energy losses occur due to rebound of the blow, vibration of 
the specimen, and other losses, correlation of the dynamic test with other 
hardness tests is difficult. Certain advantages are, however, that the time 
element does not enter, since the blow struck is instantaneous. The test 
also permits the use of steel ball indenters and tests may be conducted 
with specimens held as high as 1204° C (2200° F). 

In one design, a guillotine type of machine provides a drop hammer 
fitted with a removable steel ball of 10-mm diameter which moves between 
two polished steel slides and strikes a blow on the surface of the hot speci¬ 
men. The diameter of the impression may be correlated with Brinell num¬ 
bers also made on the same material. It is difficult to check hardness values 
obtained by different investigators in this type of dynamic testing. It is 
recommended that standard size specimens be used to minimize heat losses 
during the test\ 

Another arrangement for dynamic hot hardness testing consists of a 
spring-loaded center punch equipped with a high-speed steel indenter 
which transmits a blow to the sample during the tempering operation. 
This method is useful in obtaining information in martempering steels as 
the start of martensite formation is indicated in both air-hardening and oil¬ 
hardening steels®. 

H. Magnetic and Resistivity Tests 

Magnetic tests at room temperature on alloys before and after exposure 
under load at elevated temperature do not show consistent results in 
changes that occur in the structure of the material with the possible excep¬ 
tion of the austenitic 18-8 steels. These changes are likely to be precipita¬ 
tion, aging, and migration of certain microconstituents. Magnetic tests 
could be carried out at elevated temperature under certain conditions but 
there is little data available^^ 

Tests on the electrical resistivity at room temperature of certain heat- 
resistant alloys before and after exposure under load at elevated tempera¬ 
ture do show some promise in indicating changes occurring in the structure 
of the alloys under test. These changes will be discussed in later sections 
of the text. 
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I. Hot Impact Tests 

Methods of conducting hot impact tests involve holding a specimen for 
several hours at a constant elevated temperature and breaking it in a 
standard Charpy or Izod impact-testing machine. The results of such tests 
will be reported in the text under the alloy system for which tests were 
made. 

References 

1. Andrade, E. N. daC., “Creep of Metals,*’ Proc. Physical Soc. of London, 69, 20 
(1947); “New Device for Maintaining Constant Stress in a Rod undergoing 
Plastic Extension,” Proc. Physical Soc. London^ 60, 304 (1948); Andrade, E. N. 
daC., and Chalmers, B.. Resistivity of Polycrystalline Wires in Relation to 
Plastic Deformation and the Mechanism of Plastic Flow,” Proc. Roy. Soc.^ A, 
138, 348 (1932). 

2. Agnew, J. T., Hawkins, G. A., and Solberg, H. L., “Stress Rupture Character¬ 
istics of Various Steels in Steam at 1200° F,” Trans. Am. Soc. Mech. Engrs., 68, 

309 (1946). 

3. Am. Soc. Testing Materials, Standards, E22-43, “Long-Time High Temperature 
Tension Tests of Metallic Materials,” 46, 735 (1946); “Short-Time,” etc., E21- 
43, 43 , 204 (1943); 44, 186 (1944). 

4. Bailey, R. W., “Utilization of Creep Test Data in Engineering Design,” Proc. 
Inst. Mech. Engrs., 131, 131 (1935). 

5. Bens, R. P., “Hardness Testing at Elevated Temperatures,” Am. Soc. Metals, 
Preprint 3 (1946). 

6. Enos, G. M,, Peer, G. J., and Holzworth, J. C., “Dynamic Hot Hardness Test¬ 
ing,” Metal Progress y 54, 51 (1948). 

7. Everett, F. L. and Clark, C. L., “Report on Torsion Creep Tests for Comparison 
with Tension on a Carbon-Molybdenum Steel,” Proc. A. S. T. M.y 39, 215 (1939). 

8. Fellows, J. A., Cook, E., and Avery, H. S., “Precision in Creep Testing,” Trans. 
Am. Inst. Min. Metallurgical Engrs. y 150, 359 (1942). 

9. Fisher, J., and Carreker, R. P., “Simple Constant Stress Creep Test,” J. Metals, 
1, 178 (1949). 

10. Flanigen, A. E., Tedsen, L. F., and Dorn, J. E., “Compressive Properties of 
Aluminum Alloy Sheet at Elevated Temperatures,” A.S.T.M., Symposium on 
Materials for Gas Turbines, 161, June (1946). “Rupture and Creep Tests on 
Aluminum Alloy Sheet at Elevated Temperatures,” Am. Inst. Min. Metallurgical 
Engrs.y 171, 213 (1947). 

11. Foley, F. B., “Interpretation of Creep and Stress Rupture Data,” Metal Progress, 
51, 951 (1947). 

12. Grant, N. J., Lane, J. R., and Taylor, M. E., “Aging Characteristics of Gas 
Turbine Alloys,” Bur. Ships, Res. Memo., No. 1-47, Test B-3254 (1947). 

Grant, N. J., “Stress Rupture and Creep Properties of Heat-Resistant Alloys,” 
Am. Soc. Metals, Preprint No. 2 (1946). 

13. Jackson, L. R., Cross, H. C., and Berry, J. M., “Tensile, Fatigue, and Creep 
Properties of Forged Aluminum Alloys at Temperatures up to 800° F,” Nat. 
Advisory Committee for Aeronautics, Tech. Note 1469 (Mar., 1948). 

14. Manjoine, M. J., “New Machines for Creep and Creep-Rupture Tests,” Trans. 
Am. Soc. Mech. Engrs.y 67, 111 (1945). 

15. Manjoine, M. J., ^‘Screw-driven Creep Rupture-testing Machine,” Metal Prog- 
ressy 50 , 1100 (1946). 



TEST METHODS AND EQUIPMENT 


109 


16. McVetty, P. G., “Interpretation of Creep Data,*' Proc. A.S.T.M,, 43, 707 (1943). 

17. Mochel, N. L., “Relaxation Tests on .35 C Steel K20 at 850® F," Trans. Am. Soc. 
Mech. Engrs.j 59, 453 (1937). 

18. Nadai, A. and Boyd, J., “A New Automatic Relaxation Machine,” J. Applied 
Mechanicsy Trans. Am. Soc. Mech. Engrs.j 60, A 118 (1938). 

19. Nadai, A. and Manjoine, M. J., “High-speed Tension Tests at Elevated Tem¬ 
peratures. Part I,” Proc. A.S.T.M.y 40, 822 (1940). 

20. Nadai, A. and Manjoine, M. J., “High-speed Tension Tests at Elevated Temper¬ 
atures. Parts II and III,” J. Applied Mechanicsy 63, A-77 (1941). 

21. Nisbet, J. D., “Rupture Testing in a 48-Bar Furnace,” Iron AgCy 161, 81 (1948). 

22. Parke, R. M. and Bens, F. P., “Chromium-base Alloys,” A.S.T.M., Symposium 
on Materials for Gas Turbines, 80 (June, 1946). 

23. Pomp, A. and Enders, W., “Accelerated Method for Determining Creep Limit,” 
Instruments y 5 (7), 166 (1932). 

24. Pomp, A. and Krisch, A., “Problem of Creep Resistance of High-temperature, 
High-strength Steels at 600, 700 and 800® C,” Mitt. K. W. Inst. Eisenforschung, 
12, (9) 137 (1930). 

25. Robinson, E. L., “Resistance to Relaxation of Materials at High Temperature,” 
Trans. Am. Soc. Mech. Engrs.j 61, 543 (1939). 

26. Rosenhain, W., “Quick Determinations of Limiting Creep Stress,” Progf- 
ressy 21-22, 65 (1932). 

27. Scott, H. and Gordon, R. B., “Precipitation-hardened Alloys for Gas Turbine 
Service. I,’* Trans. Am. Soc. Mech. Engrs.j 69, 583 (1947). 

28. Siegfried, W., “Failure from Creep as Influenced by the State of Stress, ”Sulzer 
Tec/i. Pet;., No. 1,43 (1945). 

29. Siegfried, W., “Observations on Conducting and Evaluating Creep Tests,’* 
J. Iron and Steel Inst.y 189 (June, 1947). 

30. Tatnall, F. G., “High-temperature Testing of Materials to be Used at Tempera¬ 
tures above 1200° F,” Baldwin Locomotive Works, Testing Topics, 2 (Jul.-Aug.- 
Sept., 1947); 3 (Aug.-Sept.-Oct., 1948). 

31. Trumpler, W. E. Jr., “Relaxation of Metals at High Temperatures,” J. Applied 
Physics, 12, 248 (1941), 

32. Welch, W. P. and Wilson, W. A., “A New High-temperature Fatigue Machine,” 

Proc. A.S.T.M.y (1941). 

33. White, A. E., Clark, C. L., and Hildorf, W. G., “Stress-rupture Tests for Heated 
Metal,” Metal Progress, 33, 266 (1938). 



Chapter 3 

Plain-carbon and Low-alloy Steels 


A. Plain-carbon Steels 

1. Elevated-temperature Properties 

The flow of plain-C steels at high temperature is influenced by many 
factors, such as the method of manufacture, heat treatment, and previous 
deformation. At higher temperatures, recrystallization (if it occurs) and 
oxidation tend to lower creep resistance. The lower limit for the tempera¬ 
ture of recrystallization of a low-C steel after cold-working is about 460° C 
(806° F). Physical properties determined at room temperature appear to 
provide little information concerning creep at high temperature, since 
plain-C steels with similar tensile properties and hardness at room tem¬ 
perature may display very different creep properties. It is also generally 
agreed that short-time tensile properties obtained at elevated temperatures 
have little relation to the creep properties of a steel. 

Although plain-C steels are limited for many services at high tempera¬ 
ture, a study of the stnictural changes taking place may lead to an under¬ 
standing of changes occurring in highly alloyed, heat-resistant metals. 
Such factors are the precipitation of iron carbides, spheroidization of the 
carbides, and diffusion of these microconstituents through the grain. 

There is available today a considerable body of literature on elevated- 
temperature properties of plain-C and low-alloy steels. Incorporated in the 
codes for boiler construction and pressure vessels are allowable working 
stresses for moderate-temperature requirements well below the recrystal¬ 
lization temperature of the steel. However, for higher temperatures flow 
properties must be evaluated on the basis of long time creep tests. 

In Tables 3-1 and 3-2 the results of elevated-temperature tests at 454° C 
(850° F) and 538° C (1000° F) are shown for a plain-C steel with 0.35 per 
cent C and for a C-Mo steel with 0.16 per cent C and 0.53 per cent Mo 
(designated K20 and K22, respectivelyThe figures include short-time 
tension tests, stress-rupture tests, and several different creep tests, as de¬ 
scribed in the previous chapter. The results of hot hardness tests for these 
two steels are given in Table 3-3. 

The strength values for S.A.E. 1035 steel (designated K20) are generally 
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much lower than for 0.5 per cent Mo steel (designated K22). At 454° C 
(850° F), the stress rupture for K20 steel after only 10 hrs is 33,000 psi; 
the creep strength of the same steel at 454° C (850° F) for a creep rate of 
0.1 per cent per 1000 hrs is 7600 psi. Hot hardness tests on K20 steel show 
a decrease in Vickers hardness at 426° C (800° F). 

The creep properties of three S.A.E. 1015 C steels are shown in Table 
3-4^. These steels of close chemical analysis vary slightly in grain size; one 
has received a normalizing heat treatment and two have been annealed. 
The creep strength in all cases falls at test temperatures above 426° C 
(800° F). 

a. Variations in Creep Strength. 1 . Ejject of C Content. The influence of C 
content on the creep strength of steels at high temperature is more compli- 

Table 3-1. Composition and Heat Treatment of Steels K 20 and K 


Steel 

C 

Mn 

P 

S 

Si 

Mo 

Grain Size 
McQuaid-p]hn 

K20 

0.35 

0.55 

0.016 

0.03 

0.19 

— 

6 to 8 

K22 

0.16 

0.66 

0.015 

0.027 

0.24 

0.53 

6 to 8 


Manufacturing Data 

Both steels are representative of a 100-ton basic open-hearth heat. 

K20: ladle deoxidation 50 % ferrosilicon and 1.2 lb A 1/ton 
K22: “ “ ‘‘ “ “ 1.6“ “ “ 

Both steels were rolled to 1 in bar stock and heat-treated as follows. 

K20: Heated to 843° (- (1550° F) in 2 hrs, held Ifhr, furnace-cooled to 538° C 
(1000° F), then air-cooled. Reheated to 694° C (1280° F) in 4 hrs, held 2 hrs, furnace- 
cooled to 538° C (10(X)°F), then air-cooled, (^old-straightened and reheated to 
510° (^ (950° F) and air-cooled. 

K22: Heated to 900° (1650° F), held 1 h hr, air-cooled. Reheated to 650° C 

(1200° F), held 2 hrs, air-cooled. Machine-straightened, stress-relieved at 650° C 
(12(X)° F) 2 hrs, and air-cooled. 


cated than the simpler relationship for room-temperature properties where 
an increase in C content increases the strength of the steel. The earlier 
evidence from creep testing is conflicting, as in some reports an increase in 
C content is beneficial in the temperature range of 4(X)-538° C (750- 
1000° F) while in other cases the reverse appears true^^ From Table 

3-5, it is evident that an increase in C content improves the creep strength 
of steel at the lower temperatures where the carbides are present in lamellar 
form. At higher temperatures, where the carbides are spheroidized, the 
strength of the steel is decreased as C increases'^ 

More recently, tests at 426° C on three steels of 0.23, 0.53, and 0.91 per 
cent C show increasing creep resistance with increase in C content, as 
shown in Fig. 3-F\ These same steels tested at 538° C do not show improved 
creep resistance with increase in C content. 
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STEP-DOWN RELAXATION (FLOW RATE) TEST 

(a) Stress for creep rate of 0.1 per cent per 1000 hr. 6200 

(b) Stress for creep rate of 0.01 per cent per 1000 hr. 3700 















CONSTANT STRAIN RELAXATION TESTS 
(a) 50 hr Residual Stress 

“Bolt” test. 4875 . 

Continuous test. 6500 . 

Automatic test. 6500 17,750 10,750 
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2. Effect of Heat Treatment. For high-temperature service, normalizing 
is generally recommended as a heat treatment for plain-C^ steels. Variations 
in the normalizing temperature may result in steels with different creep 
properties, since a high temperature tends to produce a coarser grain or 


Table 3-3. Hot Hardness of Steels K20 and K223« 


Material 

Type of Test 

Temperature 
(»C) (“F) 

Hardness Number 

K20 

Dynamic 

454 

850 

95 Equivalent Brinell 



482 

900 

95 



510 

950 

105 



538 

1000 

110 


Vickers 

27 

80 

152 D.P.H. 



426 

800 

131 



454 

850 

120 



482 

900 

109 



510 

950 

93 



538 

1000 

82 



565 

1050 

74 



593 

1100 

67 



621 

1150 

60 



650 

1200 

56 



677 

1250 

49 



704 

1300 

43 



732 

1350 

39 

K22 

Dynamic 

454 

850 

95 Equivalent Brinell 



482 

900 

105 



510 

950 

105 



538 

1000 

115 


Vickers 

27 

80 

149 D.P.H. 



426 

800 

140 



454 

850 

134 



482 

900 

128 



510 

950 

126 



538 

1000 

119 



565 

1050 

111 



593 

1100 

103 



621 

1150 

95 



650 

1200 

86 



677 

1250 

74 



704 

1300 

63 

may dissolve carbides which 

persist at lower normalizing temperatures 


If steels intended for high-temperature service are normalized and drawn, 
it is recommended that the drawing temperature should be 94® C (200® F) 
above the operating temperature^^ Working or stress-relieving a steel 
after the normalizing treatment also changes the creep resistance. 

Plain-C steels in the annealed condition are generally less stable than 
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those with normalized structures. Exposure of annealed steels to a tem¬ 
perature of 538° C (1000° F) shows a marked change of pearlite to a 
spheroidized condition’ * Creep resistance is lowered by such changes in 
the microstructure. Variations in the cooling rate through the tempering 
range during an annealing operation also influence the creep resistance, 
since these may change the structure of the steel. 


Table 3-5. Influence of C Content on Creep Resistance’* 

Stress psi for Designated Creep Rate % 


Steel 


Temi 

CC) 

■ (“F) 

per iOOO Hrs 
0.01 0.10 

1.0 


1015 


426 

800 

12,000 

17,200 

25,500 


1040 


426 

800 

13,000 

18,500 

27,000 


1015 


538 

1000 

1800 

3300 

6000 


1040 


538 

1000 

2800 

5500 

9300 


1015 


650 

1200 

140 

540 

2100 


1040 


650 

1200 

140 

860 

2650 


Note: Creep tests of 1000 hours duration. 





Steel 

c 

Mn 

Si S 

P 

Brinell 

Grain Type 

Size Furnace 

S.A.E. 1015 

0.15 

0.46 

0.28 0.021 

0.019 

111 

5-^6 

O.H. 

S.A.E. 1040 

0.43 

0.67 

0.20 0.033 

0.035 

167 

4-5 

O.H. 

Note: Both steels annealed 

at 1550° F. 
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Fig. 3-1. Logarithmic plot showing relation between stress and strain rate for 
Fe-C alloys compared with commercially pure Fe at 426° C (800° F). (After Austin, 
St. John, and Lindsay) 


The rate and extent of spheroidization in plain-C and low-alloy steels is 
important, since, as pointed out earlier, the occurrence of spheroidization 
decreases the creep resistance. Below the transformation temperature of 
steel, the relation between spheroidization rate, time and temperature 
according to Bailey and Roberts is expressed as follows®: 

t = Ae^'^ 

where t =* time, T == temperature, and A and b are constants. 
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The equation is valid only for the same steel under identical conditions 
where only time and temperature are the variables. In this relationship, 
l/T plotted against log t produces a straighl line. Tests indicating the 
validity of this equation show that below the maximum temperature 
possible for spheroidization, the same degree of spheroidization is obtained 
at different temperatures but with a variation in the time required. With 
decrease in temperature, the time required for spheroidization increases. 
As an example, for a steel with 0.9 per cent C, heating for 278 hours at 
600° C (1112° F) gives the same spheroidization as 2000 hrs at 560° C 
(1040° F). 

Table 3-6. Influence of Heat Treatment on Creep Characteristics 
AT 538° C (1000° F) OF Electric and Open Hearth S.A.E. 1015 
Type Steel^^ 

Stress psi for Designated Rate of 
Creep % per 1000 Hours 


Steel 


0.01 

0.10 

1.0 

EF A 

Hot-rolled 

7000 

12,800 

15,800 

OH A 

Hot-rolled 

6100 

6800 

7800 

EF B 

N.940(1725), D.650(1200*) 

4900 

9900 

12,100 

OH B 

N.940(1725), D.650(1200*) 

4000 

5500 

7700 

EF C 

Ann. 843(1550) 

3000 

6200 

12,900 

OH C 

Ann, 843(1550) 

2350 

4500 

6200 

EF D 

N.940(1725), D.650(1200t) 

2750 

5800 

8200 

OH D 

N.940(1725), D.650(1200t) 

2600 

5300 

7400 


* Drawn 1 hour at 650° C (1200° F). 
t Drawn 168 hours at 650° C (1200° F). 
EF—Electric furnace heat. 

OH—Open hearth heat. 

Note: Creep tests of 1000 hours duration. 
N: Normalized. 


This equation is useful for temperatures as low as 398° C (750° F). At 
temperatures as high as 593 to 704*^0 (1100 to 1300° F) spheroidization 
rates for plain-C steels are rapid. The relationship does not hold for highly 
alloyed steels, probably because the composition of the complex carbides 
are changed by prolonged heating®. 

The rate of spheroidization in steels is influenced by many factors. Cold¬ 
working increases the rate of spheroidization. In general cast steels are 
difficult to spheroidize. Larger carbide lamellae take longer to spheroidize 
than finer particles which may account for the fact that annealed steels 
have somewhat lower spheroidization rates than normalized steels^®. All 
these factors influence the creep resistance of a steel at elevated tempera¬ 
tures. It may be that the flow itself, occurring at the test temperature, al¬ 
though exceedingly small, may increase the rate of spheroidization. 

In Table 3-6, a comparison is given of the creep strength at 538° C 
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(lOOO'^F) of two steels, S.A.E. 1015, produced in heats from an electric 
furnace and an open hearth. The samples represent four different heat 
treatments as follows^^: (1) hot rolling, (2) annealing at 843° C, (3) normal- 
izing at 940° C, followed by drawing at 650° C, and (4) normalizing at 
940° C and drawing at 650° C for 168 hrs to produce a spheroidized struc¬ 
ture. At the test temperature of 538° C, the hot-rolled structure has the 
highest creep strength in both the electric and open-hearth furnace heats. 
The next most favorable treatment is that resulting from the normalized 
and drawn structure. In these tests, the electric furnace steel annealed is 
superior to the spheroidized structure. For the open-hearth steel, the re¬ 
verse is true. These anomalous results indicate that many factors must be 
evaluated to determine the net results on creep resistance of even a simple 
C steel. 

Table 3-7. Creep Characteristics of Electric and Open Hearth 
S.A.E. 1015 Type Steels (Annealed)’^ 


Type Steel 

Temp 

(=C) (“F) 

Stress psi for Designated Rate of Creep % 
per 1000 Hours 

0.01 0.10 1.0 

Electric 

426 

800 

18,500 

26,800 

38,500 

Open-hearth 

426 

800 

12,000 

17,200 

25,000 

Electric 

482 

900 

12,800 

16,900 

22,100 

Electric 

538 

1000 

2700 

5750 

12,100 

Open-hearth 

538 

1000 

1800 

3300 

6000 

Electric 

593 

1100 

850 

1800 

3850 

Electric 

650 

1200 

290 

620 

1.300 

Open-hearth 

650 

1200 

140 

540 

2100 


All values based on tests of at least 1000 hours duration. 


5. Effect of Melting Furnace. Two steels of the S.A.E. 1015 type melted 
under conditions to control the chemical composition closely in (1) an 
electric furnace and (2) in an open-hearth furnace, have creep strengths as 
shown in Table 3-7^^ In this series of tests, there is no report available of 
the grain size of the two steels, and for this reason, the superior performance 
of the electric furnace product over that of the open hearth steel may de¬ 
pend on several factors not controlled under the test conditions. At 426° C 
(800° F), the electric furnace steel has a creep strength of 18,500 psi for a 
creep rate of 0.01 per cent per 1000 hrs while the open-hearth steel has a 
creep strength of 12,000 psi under the same condition's. The same general 
trend holds for the other temperatures investigated, namely, 538 and 650° C 
(1000 and 1200° F). 

The factors involved in such a comparison must take into consideration 
the fact that open-hearth steels are more highly oxidized than electric 
furnace steels. Furthermore, the quality of a steel is dependent upon the 
degree of deoxidation and the subsequent effect on heat treatment. It is 
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more than likely that if both types of steel are produced to give a fine grain 
(McQuaid-Ehn grain size 6-8), their creep properties will closely resemble 
each other. 

4 . Effect of Melting Practice. The use of deoxidizers in steel melting influ¬ 
ences creep strength. In many alloys, it is generally true that coarse grains 
have a higher creep strength than fine grains. The part played by the grain 
boundary itself in a coarse or fine grain structure was discussed in an earlier 
chapter. Since both A1 and Si used for deoxidizing steel produce fine grains 
which also increase the rate of spheroidization, these deoxidizers are gener¬ 
ally limited in their use. Thus it is recommended that steels for high-tem- 
perature service be limited to 0.5 lb of A1 per ton of steeP®. 

Creep tests on a killed and an open S.A.E. 1015 at 426° C (800° F), 
482° C (900° F) and 538° C (1000° F) are shown in Table 3-8^^. The amount 
of deoxidizer and the resulting grain size are not reported for these two 


Table 3-8. Creep Characteristics of Killed and Open* Plain-Carbon 
Open Hearth Steel S.A.E. 1015^^ 

Stress psi for Designated Rate of Creep % per 


Type Steel 

Temp 

CO (T) 

0.01 

1000 Hours 
0.10 

1.0 

Killed 

426 

800 

13,000 

18,000 

25,000 

Open 

426 

800 

15,000 

19,500 

25,000 

Killed 

482 

900 

11,250 

15,250 

20,500 

Open 

482 

900 

5400 

8000 

11,500 

Killed 

538 

1000 

3200 

6800 

14,500 

Open 

538 

1000 

1800 

3550 

7000 


Note: Creep tests of 500 hours duration. 

* Open (rimmed steel), 

steels. At 426° C, the killed steel is superior in creep strength. At 482° C 
and 538° C, the reverse is true. If there are more nonmetallic inclusions in 
the open steel, these may inhibit flow at the higher temperatures. 

In an examination of a series of low C steels, containing 0.4 to 1.5 per 
cent Mn, 0.01 to 0.15 per cent Si, and 0 to 0.11 per cent Mo, it is reported 
that all steels which have abnormally high creep rates are fine-grained. 
The A1 additions in these tests vary up to 3 lbs per ton of steel. To determine 
whether the steel has an abnormal creep rate, it is subjected to a stress of 
8 tons per sq in at 450° C (842° F) for 5 days. The creep rate at the end of 
this period is taken as a value to establish the ability of a steel to withstand 
elevated temperature service. All steels in the test are normalized at 920° C 
(1688° F) previous to creep testing to give a comparable microstructure. 
The results of the tests indicate that abnormal creep due to the presence of 
A1 is considerably reduced by the presence of Mn, Si, and Mo within the 
limits shown above. In general, it is recommended that A1 additions for 
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these steels should be low enough to maintain a coarse-grained structure 
(McQuaid-Ehn grain size)^®. 

5, Effect of Ingot Size. Variation in the type and size of an ingot has an 
influence on the creep properties of metals, since the change in cooling 
rates from the liquid state will influence the dendritic structure and the 
distribution of impurities. With increase in the size of the ingot, dendritic 
segregation increases. Both preheating and hot-working lower the tendency 
toward a banded or segregated structure. In actual manufacture, a small 
ingot may receive less reduction and therefore have considerable segrega¬ 
tion. Tests on specimens from steel ingots ranging in size from 20 to 3800 
lbs, stressed to produce a creep rate of 0.01 per cent per 1000 hrs, vary in 
creep resistance from 8200 to 12000 psi. The smaller ingots show a higher 
creep resistance^ The advantage shown by the smaller ingots is less 
marked at higher creep rates. 


Table 3-9. Effect of Working on the Creep Rate of S.A.E. 1040 Steel*^ 


Steel 

("C) 

Temp 

(“F) 

Creep Rate % per 1000 

Hot-rolled 

315 

600 

0.013 

6% Elong. 

315 

600 

0.018 

12% Elong. 

315 

600 

0.020 

Hot-rolled 

454 

850 

0.10 

6% Elong. 

454 

850 

0.198 

12% Elong. 

454 

850 

0.132 

Hot-rolled 

538 

1000 

0.132 

6% Elong. 

538 

1000 

0.374 

12% Elong. 

538 

1000 

0.323 


6 . Effect of Previous Deformation. A series of tests are reported on a 0.40 
per cent C steel tested for creep in (a) the hot-rolled condition (b) cold- 
drawn to 6 per cent elongation and (c) cold-drawn to 12 per cent elonga¬ 
tion. The results of creep-testing on these samples at constant load are 
shown in Table 3-9^^. 

At each temperature of test, the hot-rolled steel shows the lowest creep 
rate, the samples with 6 per cent the next, and the samples with 12 per 
cent elongation the highest rate of creep. This difference is greater as the 
temperature increases. The hot-rolled condition is therefore the most 
stable of the three in these tests. As stated earlier, cold work increases the 
rate of spheroidization which in turn decreases creep resistance. 

7. Effect of Time on Ductility. In low-C steels there is a definite tempera¬ 
ture range and time of stressing where the type of fracture which occurs 
during a creep test changes from a brittle to a ductile type. This condition 
is termed the equicohesive temperature and in low-C steels it may well 
coincide with the temperature of recrystallization^®. The type of fracture 
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in an electric furnace steel S.A.E. 1015 is changed by the following condi¬ 
tions indicated in Table 3-10. 

The tests indicate that for a test temperature of 538° C (1000° F) an in¬ 
crease in testing time increases the tendency to brittleness. 

8 . Effect of Time on Structural Changes. Steels stressed at high tempera¬ 
ture undergo changes in microstructure especially in regard to the carbides. 
For example, in a 1015 steel stressed at 538° C (1000° F), the pearlite 
laminations originally present will slowly become spherical and will migrate 


Table 3-10. Effect of Time for 
Short time tensile at 538° C (1000° F) 
Failed after 6.4 hrs at 25,(XK) psi 
at 538° C (1000° F) 

Failed after 1552 hrs at 12,000 psi 
at 538° C (1000° F) 

Failed after 13,950.75 hrs at 6000 psi 
at 538° C (1000° F) 


Fracture for S.A.E. 1015 Steel^® 
Ductile fracture, deformed grains 
Ductile fracture, deformed grains 

Brittle fracture, non-deformed grains 

Brittle fracture, non-deformed grains 


Table 3-11. Microstructural Changes in S.A.E. 1015 Steel at 538° C (1000° F)^^ 
S.A.E. 1015 Steel Microstructure 


(a) Original condition as received 

(b) Stressed at 9000 psi at 

1000° F 4788.5 hrs 

(c) Stressed at 6000 psi at 

13,950.75 hrs 


Pearlite not completely laminated 
Appreciable spheroidization 

Appreciable spheroidization 
and carbide migration 


Table 3-12. Impact Tests at Elevated Temperature 

rp Charpy Impact Resistance (ft-lbs) 


(“C) 

rcmp 

PF) 

Laboratory No. 1 

Laboratory No. 

26 

80 

31.5 

33.5 

32 

33 

232 

450 

45.0 

45.5 

43 

43 

315 

600 

44.0 

48.5 

40 

41 

400 

750 

34.5 

35.5 

37 

39 

454 

850 

28.5 

29.0 

32 

32 

538 

1000 

23.0 

26.0 

22 

24 

650 

1200 

68.0 

73.0 

55 

56 


through the grain. This carbide migration and spheroidization is readily 
observed under the microscope under the conditions shown in Table 3-11^*. 

Such movement of carbides is observed in low-alloy steels and highly 
alloyed austenitic structures when they are stressed at elevated tempera¬ 
ture. This phenomenon is characteristic of changes occurring during creep 
tests, as will be shown later. 

n. Hot Impact Tests 

The results of hot impact tests are reported in Table 3-12 for the follow¬ 
ing 0.35 C steeF*. 
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Chemical Analysis 

C Mn P S Si 

0.35 0.55 0.016 0.03 0.19 

Manufacturing Data 

Samples are representative of a heat from a 100-ton basic open hearth furnace. 
Deoxidation practice is 1.2 Ib/ton of A1 added to the ladle. 

Heat Treatment 

Heated in 2 hrs to 843° C (1550° F), held 1 hr, furnace-cooled to 538° C (1000° F), 
air-cooled. Reheated to 694° C (1280° F) in 4 hrs, held 2 hrs, cooled to 538° C (1000° 
F), air-cooled. 

The results in Table 3-12 are duplicate tests carried out in two different 
laboratories. Specimens arc held 1^ hrs at temperature before breaking. 
Except for the values determined at 650° C (1200° F), the agreement is 
fairly good. 

B. Low-Alloy Steels 

At elevated temperature the creep resistance of steels, containing approxi¬ 
mately 1 per cent of one or more alloying elements, is in general higher than 
that of plain-C steels. Increased oxidation and corrosion resistance of low- 
alloy steels add to their high-temperature stability. The fact that alloying 
elements raise the temperature at which the lowest temperature of re¬ 
crystallization occurs also contributes to increased creep resistance. 

In the absence of C, alloying elements added to ferrite up to approxi¬ 
mately 1 per cent form solid solutions, regardless of whether they are con¬ 
sidered as carbide formers or as elements entering into solid solution with 
iron. Some of these, notably Mo, are most effective in increasing creep re¬ 
sistance of pure iron. When C is added to ferrite and the alloying element 
maintained at a value low enough to keep the steel pearlitic, the effect of 
an alloying element as a carbide former is important. At test temperatures 
above the recrystallization temperature of the steel, the carbides present, 
especially those located in the vicinity of grain boundaries, increase high- 
temperature stability. Creep properties in these higher-temperature ranges 
are largely determined by grain boundary conditions, and it is probable 
that the carbides act as keyways to prevent flow^t. 

I. Binary Ferrites 

A comparison of the creep resistance at 426° C (800° F) and 538° C 
(1000° F) of a series of binary ferrites is presented to demonstrate the 
relative effectiveness of the several elements in combination with pure Fe. 
The constant-temperature tests are conducted by a method of stepped up 
loading as follows^'®: A load of 5000 psi is applied for 600 to 700 hrs, during 
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which the time versus the extension is measured. Then the load is given an 
increment of 2500 psi and again held for 600 to 700 hrs. This stepping up 
of the load in increments of 2500 psi is continued until failure of the speci¬ 
men occurs. 

At a test temperature of 426° C (800° F), the creep rates of several 
binary ferrites containing from ^ to per cent of alloying elements are 
plotted against the stress in Fig. 3-2. At the same temperature, the stress 
to produce three different creep rates, namely 0.05, 0.1 and 1.0 per cent, is 
shown for six binary ferrites containing 1 per cent by weight of each ele¬ 
ment in Fig. 3-3. 

It is interesting to compare the effect of these binary ferrites in increasing 
room-temperature strength and creep resistance at 426° C (800° F) over 



Fig. 3-2. Semilogarithmic plot showing comparison between behaviors of elements 
in ferritic solid solution at approximately one weight per cent at 426° C (800° F). 
(After Austin, St. John, and Lindsay) 

ferrite in the absence of C. While both Ni and Si dissolved in Fe each in¬ 
crease the hardness and tensile strength of ferrite at room temperature, 
these two elements do not improve creep resistance of ferrite at high tem¬ 
perature. Mo strengthens ferrite at room temperature and is most effective 
in increasing creep resistance when added to ferrite. Mn is similar in its 
effect to Mo at both room temperature and high temperature, although to 
a more modest degree. The element Cr is unusual in that it does not change 
the room-temperature properties of ferrite, but does improve creep re¬ 
sistance. Co changes neither room-temperature nor elevated-temperature 
properties when added to ferrite to form a solid solution. 

Another aspect of the effect of alloying elements on ferrite is the change 
due to cold work. Different elements have varying effects on the tempera¬ 
ture of softening after ferrite is cold-worked. It appears that this factor 
bears some relation to creep resistance of the alloyed solid solution, accord- 
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ing to tests conducted at 426° C (800° F). Mo markedly opposes softening 
of the solid solution after cold-working, which is in line with its effect in 
improving creep resistance. Cr and Mn also oppose the softening tendency, 
but to a lesser degree. Si is only slightly effective in this regard, and Ni and 
Co have practically no effect. 

In creep tests conducted at 538° C (1000° F), the only binary ferrite to 
show any improved creep resistance is that containing 0.54 and 1.5 per 
cent Mo. This may be due partly to the fact that the presence of this ele- 



Fig. 3-3. Stresses causing indicated creep rates at 426° C (800° F) in ferritic solid 
solutions containing one per cent by weight of each element. (After Austin, St. John, 
and Lindsay) 

ment in ferrite raises the softening temperature of the cold-worked material 
well above 538° C (1000° F)^ 

n. C-Mo steel (0.5% Mo) 

In the presence of C, the addition of 0.5 per cent Mo is most effective in 
increasing creep resistance compared with plain-C steel. At 482° C (900° F), 
this alloy steel has about twice the creep resistance of plain-C steel. 

The results of short-time tensile tests on a 0.2 per cent C, 0.5 per cent 
Mo steel are shown in Table 3-13®. 

The creep properties of a steel with 0.1 per cent C and 0.5 per cent Mq 
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are shown in Table 344^ This steel retains its strength for a creep rate of 
0.1 per cent per 1000 hrs fairly well at 482° C" (900° F). The steels shown 
in Table 3-14 represent several analyses with varying manufacturing meth¬ 
ods and heat treating conditions. 

a. Effect of C on 0.5% Mo Steel. To investigate the effect of C content 
on a steel with 0.5 per cent Mo, a series of steels shown in Table 3-15 have 
a C content varying from 0.05 to 0.395 per cent. Steels A1 and A6 represent 
heats of 18 lbs from a high-frequency furnace and the other four steels, 
A2, A3, A4, and A5 are open-hearth products^®. 

The samples represent 1-in diameter bars normalized at 950° C (1742° F), 
except sample A1 with 0.05 per cent C, which is normalized at 1000° C 
(1832° F) to obtain a structure similar to sample A2 with 0.09 per cent 
C. The results of creep tests on these samples are shown in Fig. 3-4 where the 


Table 3-13. 

Short-time 

Tensile Tests 

OF C-Mo Steel (0.5% Mo) 

C 

Mn 

S P 

Si 

Mo 

0,1-0.2 

0.3-0.6 

0.045 0.04 

0.1-0.5 

0.45-0.65 

Temp 

Tensile Strength 


Reduction of 

(“C) 

cm 

(psi) 

Elong, % in 2^ 

Area (%) 

426 

800 

70,500 

28 

72 

482 

900 

63,500 

28 

76 

538 

1000 

57,500 

29 

77 

593 

1100 

45,100 

38 

84 

650 

1200 

27,000 

60 

88 

704 

1300 

16,200 

83 

94 

760 

1400 

8700 

94 

86 


total strain is plotted against time. The tests are conducted at a constant 
temperature of 600° C (1112° F) under a constant load of 4 tons per sq 
in. These curves indicate that the steels with the lower C contents deform 
less than the samples with the higher C contents in the early period of the 
test. It is also evident that steels A1 and A2 with the lowest C contents 
enter third-stage creep sooner than the other steels under these test con¬ 
ditions. 

The effect of C content on deformation is more clearly seen in Fig. 3-5, 
where the per cent C is plotted against the time required to reach specific 
amounts of deformation. The lowest curve indicates 0.1 per cent strain, 
the next above 0.2 per cent strain, and the others in increasing amounts up 
to 0.6 per cent strain. At the lowest deformation, 0.1 per cent, the steel 
with the lowest C content takes the longest time to reach this value. With 
increasing deformation, the steel which takes longest to reach the specified 
deformation has an increasing C content. This value of C content reaches 
0,2 to 0.25 per cent for the steel which takes the maximum time to reach 
0.6 to 0.6 per cent strain. Thus, at small deformations, the low-C steels 
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Table 3-15. Manupactubinq Details and Analysis op 0.6% Mo 
Steels with Varying C Content** 

Method of 


steel 

Process 

Deoxidation 

C 

Si 

S 

P 

Mn 

Ni 

Cr 

Mo 

Cu 

A1 

18 lb 
H.F. 

FeMn and 
FeSi 

0.055 

0.16 

0.032 

0.018 

0.48 

0.10 

0.04 

0.50 0.08 

A2 

Basic 

O.H. 

SiMn to 
ladle 

.09 

.22 

.044 

.013 

.43 

.09 

.03 

.51 

.08 

A3 

Basic 

O.H. 

SiMn to 
ladle 

.145 

.15 

.030 

.032 

.56 

.12 

.01 

.48 

.06 

A4 

Basic 

O.H. 

SiMn to 
ladle 

.21 

.17 

.030 

.029 

.49 

— 

— 

.55 

— 

A5 

Acid 

O.H. 

SiMn to 
ladle 

.31 

.18 

.038 

.040 

.55 

— 

— 

.52 

— 

A6 

18 lb 
H.F. 

FeMn and 
FeSi 

.395 

.14 

.029 

.018 

.48 

.11 

.06 

.48 

.08 


O.H. = Open hearth. 

H.F. = High frequency. 

Note: The above steels, in the form of 1 in diameter bars, are normalized from 
950° C, with the exception of the 0.05 per cent C steel which is normalized from 
1000° C to give a structure similar to that of the 0.09 per cent C open-hearth steel. 



200 400 600 800 1000 

time hr 


Fig. 3-4. Steel. Carbon content: A1—0.055%, A2—0.09%, A3—0.145%, A4— 
0.21%, A5—0.31%, A6—0.395%. Curves of creep tests on 0.5% Mo steels with various 
carbon contents. Stress 4 tons/sq inch; temperature 600 ° C. (After Glen) 

are most effective in creep resistance, but at larger deformations steels 
with C contents of 0.2 to 0.25 per cent have the greater creep resistance. 
It is important to point out here that these results hold only for this par¬ 
ticular test temperature of 1112® F (600® C). 
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b. Effect of Tempering 0.5% Mo Steel. Variation in the time of tempering 
a steel influences the amount of spheroidization of the carbides, which in 
turn affects creep resistance. This effect is reported for Steel A2 containing 
0.09 per cent C, 0.51 per cent Mo, tempered at 650° C (1202° F) for periods 
of 5, 10, 20, 50 and 100 hrs followed by air-cooling. The increase in temper¬ 
ing time increases the amount of spheroidization. These samples tested for 



Fig. 3-5. Curves showing the effect of carbon content of 0.6% Mo steel on the 
time to reach the strains indicated. Derived from Figure 3-4. Stress 4 tons/sq inch, 
temperature 600° C. (After Glen) 

creep at 550° C (1022° F) and at 6 tons per sq in display a decrease in 
creep strength with increase in tempering time. This deterioration in creep 
strength with increase in spheroidization is in accord with many observa¬ 
tions for other steels. Creep tests conducted at higher temperatures, namely 
650° C (1202° F) indicate that spheroidization is more important in the 
deterioration of steels containing 0.5 per cent Mo than scaling of the 
surface during the test*®. 
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c. Spheroidization. An interesting comparison of spheroidization of a 
C-Mo steel exposed in the laboratory to elevated temperature under no 
load is made with the same type of steel taken from actual service. The 



Fig. 3-6. C-Mo steel before e.xposure. Magnification lOOOX. (After Miller, Golas- 
zewski, and Smith) 



Fig. 3-7. C-Mo steel as shown in Figure 3-6 after exposure at 593° C (1100° F) for 
3000 hrs. Magnification lOOOX- (After Miller, Golaszewski, and Smith) 

laboratory sample spheroid!zed under controlled conditions has the follow¬ 
ing analysis®^: 

C Mn P S Si Mo A1 AUOz 

0.14 0.55 0.016 0.023 0.15 0.53 0.02 0.026 

It is a fine-grained steel produced with Si and about 1.5 lbs A1 per ton of 
steel. The heat treatment before exposure to high temperature consists of 
normalizing for 30 min at 900® C (1650® F)^ as shown in Fig. 3-6 at 1000 X. 
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This microstructure is typical of the analysis and treatment which the 
sample has received. The spheroidization which occurs when this steel is 
heated to 593° C (1100° F) for 3000 hrs is shown in Fig. 3-7. The globular 
form of the carbides is quite evident. 

A steel of the same nominal composition in service for 30,000 hours at 
593° C (1100° F) is shown in Fig. 3-8. The increase of exposure time by a 
factor of ten results in much greater spheroidization. It is interesting to 
observe here that neither of these steels reveals any evidence of graphitiza- 
tion with such long exposure times. 

As pointed out earlier, temperature is the most important factor in in¬ 
creasing the rate of spheroidization. A few hours’ exposure at 650 to 700° C 
produces more spheroidization than months or years at 480 to 538° C for 



Fig. 3-8. C-Mo steel of the same general analysis as that in Figure 3-6 after a 
service life at 593° C (1100° F) of 30,000 hrs. Magnification lOOOX. (After Miller, 
Golaszewski, and Smith) 

plain-C and low-alloy steels*®. In general, the deterioration in a normalized 
0.5 per cent Mo steel exposed 10,000 hrs at 538° C (1000° F) is estimated 
to be a loss of | of its initial creep strength**. 

d. Graphitization in Plain-C and C-Mo Steels. Prolonged exposure of 
plain-C steels containing 0.2 per cent C to the temperatures encountered 
in steam pipes may result in failure due to graphitization of the carbides 
originally present in the structure. The type of graphitization which is 
rather uniformly distributed through the grains is not necessarily harm¬ 
ful, but graphitization which is highly localized is believed to account for 
certain failures noted in service^ One of the factors contributing to local¬ 
ized graphitization is the occurrence of plastic deformation during exposure 
of the steel to elevated temperature. At the areas where graphitization has 
occurred, reduced ductility may well account for failure of the part. 
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Deoxidation practice is one of the major factors in determining the 
period of incubation before graphitization and the rate at which graphitiza- 
tion takes place. In 10,000 hours’ exposure tests in a temperature range of 
482 to 650° C (900 to 1200° F), all deoxidized C steels graphitize^®. This 
tendency exists whether the deoxidized steel is an acid bessemer or basic 
open-hearth product. Undeoxidized steels are much more resistant to 
graphitization. 

Mo added to low-C steels reduces the tendency to graphitization al¬ 
though, in amounts up to 0.5 per cent, this resistance is not marked in 
steels undergoing many years of service. The addition of Cr to 0.5 per cent 
Mo steels reduces the tendency toward graphitization, but there exists a 
minimum Cr content to prevent graphitization. A steel with 0.5 per cent 
Mo and 0.25 per cent Cr deoxidized with Si and a large amount of A1 ex¬ 
hibits graphitization. However, a 0.5 per cent Mo steel with 0.5 per cent 
Cr, regardless of deoxidization practice, shows no graphitization after 
10,000 hours’ exposure at three different temperatures, 482° C (900° F), 
565° C (1050° F), and 650° C (1200° F)^o. 

Other compositions of steels of low alloy content show tendencies to graphi- 
tize as follows: (1) a steel with 1 per cent Mo graphitizes after 10,000 hours 
at 565° C (1050° F); (2) a steel with 1.5 per cent Mo and 0.16 per cent V 
graphitizes after 10,000 hours at 565° C (1050° F); (3) a steel with 3.7 per 
cent Ni graphitizes after 1000 hours at 565° C (1050° F); (4) a steel with 
0.38 per cent C, 0.26 per cent Mo, and 1.7 per cent Ni graphitizes after 
1000 hours at 565° C (1050° F); (5) a steel with 5.2 per cent Ni shows no 
graphitization after 1000 hours at 565° C (1050° F), but has large nodules 
of graphite after 10,000 hours’ exposure^®. With low-alloy steels in general, 
deoxidation practice should be such as to produce normal steels. Such a 
procedure decreases the possibility of graphitization in service when steels 
are exposed to high temperatures for long periods. 

m. 0.8% Cr, 0.5% Mo Steel 

Up to an amount of 1 per cent, the addition of Cr to steels containing 
0.5 per cent Mo increases their creep resistance, but beyond this amount, 
the creep strength diminishes^®. Steels of these analyses have a finer grain 
structure than those containing only Mo. In creep tests with C varying 
from 0.10, 0.145, to 0.22 per cent and Cr and Mo held to 0.8 and 0.5 per 
cent respectively, the higher C contents show greater creep strength^®. 

Tempering this series of steels at 650° C (1202° F) for periods up to 
100 hours shows a decreased creep strength with increase in tempering 
time, but the deterioration is not as marked even after 100 hours, as in the 
case of the straight C-Mo steels. It is evident that the presence of Cr has a 
stiffening effect on these compositions. In stress-rupture tests on these 
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same steels, where values of the stress are shown as a function of time on a 
log scale, a linear relation does not hold. The fact that the curves resulting 
from stress-rupture tests for the 0.8 per cent Cr, 0.5 per cent Mo steel falls 
below a straight line indicates that spheroidization is probably taking place. 

IV. 0.3% V, 0.5% Mo Steels 

The addition of 0.3 per cent V to a steel of 0.5 per cent Mo results in 
increased creep resistance over the straight C-Mo and the C-Mo steel with 
0.8 per cent Cr^®. In a series of analyses of the above V and Mo contents 
and with C varying from 0.08, to 0.13, to 0.19 per cent, the higher C content 
shows the best creep resistance in tests at 550® C (1022® F) under a load 
of 9 tons per sq in. Tempering the Mo-V at 650® C (1202® F) does not de¬ 
crease the creep strength, while tempering at 690® C (1274® F) only slightly 
decreases it. 

The addition of A1 as a deoxidizer to the Mo-V steels is less detrimental 
than to plain-C steels, since deoxidation has already taken place due to 
the presence of the V. An amount of 0.1 per cent V added to a 0.5 per cent 
Mo steel is such a powerful deoxidizer that a fine grain of 6 to 8 results 
even when the normalizing temperature is high^®. 

In stress-rupture tests of the 0.3 per cent V, 0.5 per cent Mo steels, a 
remarkable change occurs, in that the curve resulting from plotting the 
stress as a function of the time on a log scale actually rises above the straight 
line, indicating that this alloy is increasing in stiffness. Mo-V steel shows 
such marked superiority in stress-rupture and creep tests over C-Mo and 
Cr-Mo steels that it is recommended for service as steam pipes and super¬ 
heater pipes^*^. 

C. h25 TO 2.50% Cr Steel 

Cr is the most effective single element for imparting corrosion- and 
scaling-resistant properties to steels for high-temperature service. Its pres¬ 
ence in proportions as small as IJ per cent in combination with Si and/or 
Mo results in an alloy which is suitable for use in the temperature range of 
482-538® C (900-1000° F). The presence of Mo decreases the tendency to 
brittleness at room temperature after prolonged heating. With the addition 
of 2 per cent Cr, corrosion resistance against crude oils at high temperature 
and pressure is noticeable®. These series of low-alloy pearlitic steels are 
widely used for tubing for moderately elevated temperatures. 

The short-time, high-temperature tensile strength for the IJ per cent 
Cr steel is given in Table 3-16®. The strength of this alloy holds fairly well 
up to 538° C (1000° F). 

The creep strength of the IJ per cent Cr alloy steel is given in Table 
3-17, obtained from several different sources. Although the values do not 
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check too closely, it is evident that the creep strength of this steel falls 
off in the region of 538° C (1000° F). 

The high-temperature properties of steels containing 2 per cent Cr with 
small amounts of Mo and Si are shown in Tables 3-19, 3-20, 3-21, and 3-22. 


Table 3-16. Short-time, High-tempebatuke Tensile Properties or 
Steel (1.25% Cr, 0.50% Mo, 0.75% Si)»* 


Temp. 

(“C) (°F) Ultimate Strength psi 

Elong. % in 2* 

Red. of Area (%) 

426 800 

69,250 

27 

68 


482 900 

67,500 

26 

66 


538 1000 

57,750 

26 

73 


593 1100 

47,500 

31 

83 


650 1200 

33,300 

32 

88 


704 1300 

22,800 

62 

95 


760 1400 

13,800 

72 

99 


* “Croloy” U, Courtesy Babcock and Wilcox Tube Co. 



Table 3-17. Creep Strength 

OP li% Cr 

Steels 


Sample No. Steel 

Temp. 

(X) rF) 

Stress (psi % per 1000 hrs) 
0.1 .01 

♦8b» 1.24 Cr 

538 

1000 

14,700 

8200 

t Cr-Si-Mo‘^ 1.24 Cr 

426 

800 

28,000 

20,000 


538 

1000 

24,000 

15,000 


593 

1100 

6800 

4300 


650 

1200 

3950 

1950 

p Chemical Composition n 

Heat 


Type 

Type 

C Mn Si Cr Mo 

Treatment 

Brinell 

Material 

Furnace 






*0.10 0.36 0.63 1.24 0.54 

Ann. 

143 

Tubes 

E.F. 


1525 



Basie 

to. 07 — 0.72 1.24 0.54 





Note: Test for No. 8b 1000 hours duration. 




Table 3-18. Thermal Expansion Steel (li% Cr, 0.5% Mo) 

♦ 


Mean Coefficient of Linear Expansion 
Temp (“F) (In/In/“F X 10-«) 

70-600 7.40 

70-800 7.80 

70-1000 8.20 

70-1200 8.60 

“Croloy” IJ, Courtesy Babcock and Wilcox Tube Co. 


In the series of alloy steels with Cr varying from 1.25 to 2.50 per cent 
with less than 1 per cent Mo and Si, the microstructure consists of ferrite 
with the carbides in lamellar form. These low-alloy pearlitic steels have 
moderate air-hardening properties, which attain a maximum of 300 Brinell 
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Table 3-19. Short-time Tensile Strength Steel (2.00% Cr, 0.60% Mo)* 


Temp. 

(«C) (“F) 

Ultimate Strength (psi) Elong. % in 2^ Red. of Area (%) 

426 800 

64,300 

27 

63 

482 900 

61,600 

31 

72 

538 1000 

55,300 

35 

77 

593 1100 

44,250 

40 

72 

650 1200 

30,850 

58 

88 

704 1300 

19,400 

77 

92 

760 1400 

10,500 

86 

98 

* ‘‘Croloy*’ 2, Courtesy Babcock & Wilcox Tube Co. 


Table 3-20. Creep Strength of 2% Cr Steels® 

Temp. 

(“C) (“F) 

Stress psi, %/1000 Hrs 
0.1 0.01 


482 

900 

20,000 14,300 


538 

1000 

9000 5700 


593 

1100 

6000 4000 


(“ Chemical Composition n Heat Treat- 

Grain Type Ma- Type 

C Mn Si Cr 

Mo ment (°F) 

Brinell Size 

terial Furnace 

0.11 0.45 0.42 2.08 

0.50 Ann. 

131 7-8 

1 in E.F. 


1550 


Bar Basic 

Note: Test 1000 hours* duration. 



Table 3-21. Hot Impact Tests Steel (2% Cr) 

* 

Temperature 
("C) rF) 

Charpy Impact 
(ft-lbs) 

Temperature Charpy Impact 

(“O CF) (ft-lbs) 

30 85 

62 

371 700 

52 

93 200 

61 

426 800 

70 

149 300 

57 

482 900 

41 

204 400 

62 

538 1000 

40 

260 500 

59 

593 1100 

36 

315 600 

57 

650 1200 

38 



704 1300 

65 

* “Croloy** 2 annealed, Courtesy Babcock & Wilcox Tube Co. 

Drilled keyhole 


notch. 


Table 3-22. Thermal Expansion Steel (2% Cr, 0.5% Mo)* 

Mean Coefficient of Linear Expansion 
Temp. C’F) (In/In/“F X lO"*) 


70-450 

70-750 

70-1050 

70-1160 


7.45 
7.78 

8.45 
8.50 


♦ ‘*Croloy^^ 2, Courtesy Babcock & Wilcox Tube Co. 


on air-cooling a 2.50 per cent Cr steel from 982® C. When used as tubing 
for high-temperature service in oil refineries or boiler tubes, both economy 
and operating conditions determine selection of the most suitable material. 
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Common failures which occur in service are due to excessive temperature 
conditions accompanied by corrosion and scaling®. 

The high-temperature properties of several steels containing 2.25 to 2.50 
per cent Cr with small percentages of Mo and Si are given in Tables 3-23, 
3-24, 3-25, and 3-26. 

The effect of heat treatment on a steel with 2.25 per cent Cr and 1 per 
cent Mo is shown in Table 3-26^^. Air-cooling from 900° C followed by 
tempering at 750° C and furnace-cooling gives a creep strength of 13,300 
psi for a creep rate of 0.1 per cent per 1000 hours at a test temperature of 
538° C (1000° F). This same steel heat-treated by furnace-cooling from 
900°C has a creep strength under the same conditions of 12,100 psi. 
These tests represent periods of creep-testing of 3000 hours. 

Table 3-23. Short-time Tensile Strength Steel (2.25% Cr, 1.00% Mo)* 


Temp. 

(X) (“F) 

Ultimate Strength (psi) 

Elong. % in 2 " 

Red. of Area (%) 

260 

500 

68,800 

27 

66 

315 

600 

67,500 

24 

64 

371 

700 

71,400 

23 

61 

426 

800 

66,750 

28 

66 

482 

900 

63,750 

33 

72 

538 

1000 

49,750 

35 

82 

593 

1100 

39,100 

55 

89 

650 

1200 

31,250 

57 

93 

704 

1300 

23,750 

62 

97 

760 

1400 

13,650 

76 

100 


* “Croloy” 2}, Courtesy Babcock & Wilcox Tube Co. 

D. 4-6% Cr Steel, Type 502 

Seamless tubing of 5 per cent Cr steel finds extensive use in the petroleum 
industry because of its high strength and corrosion resistance against oils 
and crudes containing hydrogen sulphide and other corrosive agents. The 
addition of 0.5 per cent Mo decreases a tendency toward brittleness after 
operation in the service range of 426 to 538° C (800 to 1000° F). Steels con¬ 
taining 5 per cent Cr and 0.5 per cent Mo air-harden to a maximum of 328 
Brinell on cooling from 955° C (1750° F)®. 

The elevated-temperature properties of several low-C steels with 5 per 
cent Cr are given in Tables 3-27, 3-28, 3-29, 3-30, and 3-31. 

L 4-6% Cr Steel with Ti 

The addition of Ti to alloy steels containing 5 per cent Cr and 0.5 per 
cent Mo is advantageous in reducing the tendency of these steels to air- 
harden. Without the presence of Ti they must be annealed and cooled very 
slowly to prevent the appearance of martensite, which causes poor ma- 
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Table 3-24. Creep Strength of 2\ Cr Steels 



Temp. 

Stress psi, %/1000 Hrs 


(*C) 

(“F) 

0.1 

0.01 

*2.60Cr 

426 

800 

26,000 

23,000 


650 

1200 

2450 

1000 

t 2.50 Cr 

426 

800 

27,000 

22,000 


538 

1000 

9300 

6100 


650 

1200 

2325 

1000 

Tests of 1000 hours* duration. 





* Ref. 3 
t Ref. 14 



Heat 

Treat¬ 



Type 

Type 


ment 


Grain 

Mater¬ 

Fur- 

Chemical Composition n 

CF) 

Brinell 

Size 

ial 

nace 

C Mn Si Cr Mo 






0.11 0.41 0.78 2.50 0.50 

Ann. 

143 

7-8 

1 in 

E.F. 


1550 



Bar 

Basic 


0.11 0.78 2.50 0.50 


Table 3-25. Thermal Expansion Steel (2.25% Cr, 1.00% Mo)* 

Mean Coefficient 
of Linear Expansion 

Temp CF) (In/In/*F X lO**) 


73-402 6.00 
73-609 7.21 
73-809 7.54 
73-1015 7.86 
73-1207 8.09 


* “Croloy” 2i, Courtesy Babcock <fe Wilcox Tube Co. 


Table 3-26. Prefect of Heat Treatment on 2.25% Cr Steel*^ 


Steel 

Nominal 

Composition 

Heat 

Treatment 

(“C) 


Creep 

Test 

Temp 
(»C) (“F) 

Creep Duration 
Stress Creep 

(psi) Test (hrs) 

Av. Creep 
Rate 

During Last 
1000 Hrs 
(millionth 
in/in/hr) 

B 2* 

2.25 Cr-1 Mo 

900 AC, 
750 FC 


538 1000 

15,000 

3000 

1.47 

B 2* 

2.25 Cr-l Mo 

900 FC 


538 1000 

15,000 

3000 

7.45 


Modified 2/3 Size 
Charpy 

Impact Strength 
Before After 

Creep Creep 

Test Test 

(ft-lbs) (ft-lbs) 

Brinell 

Before After 

Creep Creep 

Amount 
of Change 
of Micro¬ 
structure 
' during 
Creep 


Stress (or 
Creep Rate 
(millionth 
in/in/hr) 

B 2 

46 

44 


159 

167 

None 


13,300 

B2 

39 

44 


133 

136 

Slight 


12,100 


* Chemical Analysis Steel B 2 C 0.10, Mn 0.34, P 0.012, S 0.007, Si 0.12, Cr 2.26, 
Mo 1.06. 


chinability and low ductility. After fabrication into tubes or after being 
welded, the steel with Ti is air-cooled. No perceptible air-hatdening occurs 
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Table 3-27. Short-time Tensile Properties Steel (5% Cr, 0.50% Mo)* 


Temp 

CC ) (“F) 

Ultimate 

Strength 

(psi) 

Elong. 

%in2^ 

Reduction 
in Area (%) 

93 

200 

62,900 

37 

74 

150 

300 

60,700 

35 

73 

204 

400 

58,300 

34 

72 

260 

500 

56,000 

33 

73 

315 

600 

55,400 

30 

68 

371 

700 

55,600 

28 

66 

426 

800 

54,200 

29 

67 

482 

900 

53,350 

37 

74 

538 

1000 

45,350 

46 

83 

593 

1100 

31,700 

60 

90 

650 

1200 

24,450 

70 

94 

704 

1300 

17,800 

79 

97 

760 

1400 

11,350 

78 

99 

815 

1500 

11,900 

23 

74 


* “Croloy”5, Courtesy Babcock Wilcox Tube Co. 


Table 3-28. Creep Strength Wrought 4-6% Cr-Mo Steel^ 
Chemical Composition and Manufacturing Data 




Heat 


Type 

Type 

.- Chemical Composition- 

- 

Treat- Grain 

Brin- 

Mate¬ 

Fur¬ 

C Mn Si S V Cr 

Mo 

ment Size 

ell 

rial 

nace 

0,10 0.45 0.18 0.015 0.017 5.09 

0.55 

Ann. 7 

128 

Bars 

EF 



1550°F 





Creep Strength 
Stress fpsij 


Temperature 

CO (‘^F) 

0.10% per 
1000 hours 

0.01% per 
1000 hours 

426 

800 

22,000 

14,300 

482 

900 

15,200 

11,600 

538 

1000 

10,100 

7700 

593 

1100 

5900 

3150 

650 

1200 

2900 

1720 


Note: Tests 1000 hours’ duration. 


Table 3-29. Thermal Expansion Steel (5% Cr, 0.50% Mo)* 


Temp (®F) 

Mean Coefficient 
of Linear Expansion 
(In/In/*F X 10-«) 

70-400 

6.40 

70-600 

6.80 

70-800 

7.10 

70-1000 

7.20 

70-1200 

7.30 


**‘Croloy*^ 5, Courtesy Babcock & Wilcox Tube Co. 


on air-cooling from temperatures as high as 1010° C. Recent work indicates 
that these Ti-bearing steels have advantages in improved creep resistance 
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under certain conditions^®. The Ti-to-C ratio should be maintained at 3.8 
to 5.1 per cent. Many commercial alloys of this class carrying Ti have a 
Ti-to-C ratio of 5 or more. The Si content is usually held to not more than 
0.5 per cent. However, the Si can be increased to 1.20 per cent for improved 
creep properties^®. The heat treatment usually applied to the Cr-Mo-Ti 
steel is annealing or normalizing. If hot-working is carried out, the tem¬ 
perature should be reasonably low to maintain a fine grain. Subsequently, 
the steel may be tempered at 1350° F (730° C). 

Table 3-30. Hot Impact Properties Steel (5% Cr)* 


Temperature 

(“C) Ct) 

Charpy Impact 
(ft-lbs) 

Temperature 
(“O (”F) 

Charp^Impact 

29 

85 

81 

371 

700 

75 

93 

200 

68 

426 

800 

87 

150 

300 

68 

482 

900 

65 

204 

400 

64 

538 

1000 

59 

260 

500 

64 

593 

1100 

54 

315 

600 

73 

650 

1200 

54 




704 

1300 

75 


*^‘Croloy 5” annealed, Courtesy Babcock k Wilcox Tube Co. Drilled keyhole 
notch, 

A comparison of the stress rupture values of two steels with 5 per cent 
Cr, with and without Ti, is shown as follows: 

At 650” C (1202” F) 

Stress Rupture (psi 

Material in 1000 hrs) 

5% Cr, 0.5% Mo 7,000 

C .08, Mn .30, Si .22, Ti .30 10,000 

Ti/C ratio 3.8 

This Ti-bearing steel maintained good impact properties at room tem¬ 
perature after being stressed 2000 hrs at 650° C (1202° F)^®. 

E. 7-9% Cr Steels 

This class of steel in the medium C range finds wide use in exhaust valves 
for many applications. A typical analysis is 0.4 to 0.5 per cent C, 3 to 3.5 
per cent Si, and 8 to 9 per cent Cr. Steels of this general type are being re¬ 
placed by austenitic alloys, since corrosion resistance in exhaust atmos¬ 
pheres is superior in the single phase austenitic alloys^^. 

In the lower range of C, not exceeding 0.15 per cent, the 7 to 9 per cent 
Cr steels are widely used in tubing applications. Steels with Cr in the range 
of 7 to 9 per cent are suitable where corrosion resistance is more important 
than oxidation resistance as encountered in contact with hot petroleum 
products. Their composition places them nearer the outside of the gamma 
loop, and for maintenance of a single phase the Si and A1 contents should 
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Table 3-32. Short-time Tensile Strength Steel (7% Cr, 0.60% Mo, 0.60 



to 1.00% Si)* 



Temp 

rC) (»F) 

Ultimate 

Strength (psi) 

Elong. Reduction 

% in 2*" in Area (%) 

93 

200 

70,100 

35 

76 

204 

400 

66,900 

32 

74 

, 315 

600 

65,650 

30 

72 

426 

800 

54,000 

26 

74 

482 

900 

44,750 

27 

78 

538 

1000 

33,100 

27 

82 

593 

1100 

27,770 

40 

84 

650 

1200 

17,350 

38 

77 

704 

1300 

10,950 

50 

80 

760 

1400 

7750 

66 

92 

815 

1500 

5950 

79 

87 

870 

1600 

8800 

31 

27 

♦ “Croloy” 7, Courtesy Babcock & Wilcox Tube Co. 


Table 3-33. 

Thermal Expansion Steel (7% Cr, 0.5% Mo, 0.75% Si)* 


Temp (•F) 


Mean Coefficient 
of Linear Expansion 
(In/In/^F X 10-«) 



70-400 


6.28 



70-800 


6.74 



70-1000 


7.02 



70-1200 


7.20 


• ^‘Croloy” 7, Courtesy Babcock & Wilcox Tube Co. 


Table 3-34. 

Short-time Tensile Strength 

Steel (9% Cr, 

1.00% xMo).* 

Temp 

("C) CF) 

Ultimate 

Strength (psi) 

Elong. 

% in 2^ i 

Reduction 
in Area (%) 

482 

900 

52,850 

34 

75 

538 

1000 

44,800 

43 

82 

593 

1100 

35,800 

46 

86 

650 

1200 

23,050 

68 

91 

704 

1300 

15,950 

87 

91 

760 

1400 

10,750 

87 

93 

• “Croloy” 9M, Courtesy Babcock & Wilcox Tube Co. 


Table 

3-35. Thermal Expansion Steel (9% Cr, 1.25% Mo)* 


Temp CF) 


Mean Coefficient 
of Linear Expansion 
(In/In/*F X 10-*) 



70-300 


6.29 



70-600 


6.67 



70-900 


7.00 



70-1200 


7.30 


* “Croloy*' 9, Courtesy Babcock & Wilcox Tube Co. 


be less than 1.0 per cent. Certain refineries report that 7 per cent Cr steel 
tubing has a corrosion resistance five times that of the 5 per cent Cr steel, 
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With such a high alloy content, some martensite forms at a cooling rate of 200° F per hour but none at 100° F per h<w. At 593 
(1100° F), the 8 Cr-Mo steel has a creep strength of 5600 psi. The addition of 1 per cent Cr decreases this value to 5200 psi, but Cb 
increases the value to 8000 psi. 

FC: Furnace cooled. 
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and 9 per cent Cr steel has a corrosion resistance six times that of 5 per 
cent Cr steeP^. 

The elevated-temperature properties of several steels containing 7 to 9 
per cent Cr are shown in Tables 3-32, 3-33, 3-34, and 3-35. 
jj^ln steels Di, D 2 , and D 3 shown in Table 3-36, changes in impact strength 
are not exceptional nor are the hardness changes significant. In general 
the microstructures show evidence of spheroidization and agglomeration 
of the carbides. Neither furnace-cooling nor tempering shows a tendency 
toward greater stability of structure as regards the microconstituents^^. 

F. Effect of Banding or Lack of Uniformity in Microstructure 

The effect of a banded structure in a low-alloy steel containing small 
percentages of Ni, Cr, Mo, Mn, and/or Si indicates that creep strength is 
greatly lowered if this condition exists^^. The results of creep tests con¬ 
ducted at 450° C (842° F) on two steels of nearly similar chemical com¬ 
position, one uniform in structure and one severely segregated are shown 
as follows: 


Type of 

Steel 

C 

Ni 

Cr 

Mo 

Mn 

Si 

Stress 

(psi) 

Uniform 

0.35 

1.91 

0.85 

0.46 

0.56 

— 

36,000 

Banded 

0.37 

1.78 

0.77 

0.36 

0.55 

0.16 

11,500 


In this method of rest, an initial load is applied to give a strain of 0.1 per 
cent in a period of several days and then the load is decreased to produce a 
creep rate of 1 per cent in 100,000 hours^^ This method of test gives a much 
lower value for the segregated alloy than for the alloy with a uniform struc¬ 
ture. The effect is great enough so that any advantage from alloying itself 
is lost. 
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Chapter 4 

Chrome Irons, Moderately Alloyed Austenitic Steels 

A. High-Cr Irons 

Alloys of Fe and Cr containing 13 to 27 per cent Cr find many uses due 
to their corrosion resistance at room temperature and scaling resistance at 
moderately elevated temperatures. Although Type 446 containing 23 to 
27 per cent Cr resists oxidation up to 1176° C (2150° F), the Cr-Fe alloys 
in general do not maintain high strength above 676° C (1250° F). In spite 
of the fact that the Cr-Fe alloys at room temperature are somewhat notch- 
sensitive, they have a fairly high fatigue resistance. 

1. Types 405, 410 

The low-Cr alloys, Types 405 and 410, containing 11.5 to 13.5 per cent 
Cr, are very widely used in elevated-temperature service because of their 
good forming properties and reasonable cost compared to many of the 
more highly alloyed materials. Type 410 with 0.15 per cent C is martensitic 
and is hardened by oil-quenching. It is not subject to embrittlement from 
age-hardening when heated in the range of 371 to 538° C (700 to 1(XX)° F) 
for long periods. Type 405 is similar to Type 410 except that it contains 
0.1 -0.3 per cent Al, which prevents the formation of martensite and keeps 
the alloy ferritic. This alloy does not age-harden in the range of 38 to 538° C 
(100 to 1000° F) in laboratory tests of 1500 hrs duration^^. Both Types 405 
and 410 are too low in Cr to be susceptible to the appearance of the sigma 
phase from prolonged heating at 538 to 704° C (1000 to 1300° F). 

Type 405 finds use as stationary blades for steam turbines operating at 
temperatures up to 523° C (975° F). These alloys are also used in this 
moderate-temperature range as blades for compressors which operate gas 
turbines. Type 405 is used in heat exchanger tubing in oil refineries and as 
corrosion-resistant liners in pressure vessels. It is suitable for welded con¬ 
struction because of its reduced hardenability on Avelding^^ -^ 

The elevated-temperature properties of the Cr-Fe alloys which follow 
represent annealed material and the values are therefore at a minimum. 
These are given in Tables 4-1 and 4-2. 

n. Hardenable Cr-Fe Alloys 

The Cr-Fe alloys containing 12 to 14 per cent Cr and medium or high C 
have excellent wear-resistant properties, good hot hardness and are corro- 


145 



146 


METALS AT HIGH TEMPERATURES 


sion-resistant at fairly high temperatures. These properties make them 
suitable for use in valves and valve trim under many highly corrosive 
conditions at elevated temperatures. Types 420 and 440 with varying 
amounts of C are used in the hardened condition in these applications. 
The composition of these alloys is as follows': 

Material C Cr Mo 

Type 420 More than 0.15 12-14 — 

Type 440A 0.60-0.75 16-18 0.75 max 

There are many other compositions for exhaust and intake valve steels, 
but these are alloyed with other elements and are therefore no longer ferritic. 
They will be listed under austenitic alloys in a later section of this chapter. 

Table 4-1. Creep Strength Steel Type 405*^ 


Chemical Composition 


C Mn 

Si 

P 

S 

Cr 

Other 

Elements 

0.08 max 1.00 

1.00 

0.04 max 

0.04 max 

11.5-13.5 

Al-0.10-0.3 

Creep Strength 






Type Steel Annealed 


Temp. 

(‘>0 CF) 

Stress (psi) for Designated Rate of 
Creep % per 1000 Hrs 

0.01 0.10 

405 


426 

800 

30,000 

— 

405 4- 0.5 Mo 


426 

800 

18,000 

— 

405 


482 

900 

17,500 

43,000 

405 4- 0.5 Mo 


482 

900 

11,750 

18,000 

405 


538 

1000 

4500 

8300 

405 4- 0.5 Mo 


538 

1000 

5500 

9000 


m. 27 Cr Steel (Type 446) 

The elevated-temperature properties of this steel are given in Table 4-3. 
Although it maintains excellent resistance to scaling up to 1176° C (2150° 
F), its creep strength is low compared to that of the austenitic alloys. 

B. Austenitic Alloys 

I. Types 302, 303, 304 

The austenitic steels show increased stability over the ferritic steels under 
load at elevated temperature due primarily to their oxidation resistance in 
many types of corrosive atmospheres. The fact that they consist of a 
single phase, austenite, through a wide temperature range and do not 
undergo a phase change, as in the case of the lower alloy steels, adds 
greatly to their higher creep strength, 
a. Effect of Working. There are several means by which the hardness of 
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the austenitic alloys may be increased to insure that they will be less liable 
to creep when placed in high-temperature service. Cold-working is effective 
in producing uniform hardness in strip and bar stock, but for larger or 

Table 4-2. Elevated Temperature Properties Steel Type 410 (Annealed)*^ 
Chemical Composition 


C Mn Si 

P S 

Cr 

0.15 max 1 

.00 1.00 

0.04 max 0.04 max 

11.5-13.5 

Short-time Tensile Properties 



Temp, 

(«C) (“F) 

Tensile 
Strength (psi) 

Yield Strength Elong 

0.1% offset % in 2" 

Reduction 
in Area (%) 

Room Room 

78,000 

52,000 30.5 

78.5 

426 800 

55,900 

39,500 26.0 

69.1 

482 900 

47,300 

32,200 35.5 

74.2 

538 1000 

40,500 

29,000 43.5 

75.8 

Stress Rupture 




Temp 

(“O (“F) 

10 

Stress (psi) for Fracture in Hrs 
100 1000 10,000 

100,0000 

650 1200 10, 

100 7800 4800 2900 

1750 

Creep Strength 

Temp 

CC) CF) 

Stress (psi) for Designated Rate 
of Creep % per 1000 Hrs 

0.01 0.10 



538 1000 

— 13,000 



593 1100 

— 5000 



650 1200 

595 1400 


Thermal Expansion 

Temp CF) 

MeanCoefficient of 
Linear Expansion 
(In/In/T X 10-«) 



70-400 

6.09 



70-600 

6.21 



70-800 

6.41 



70-900 

6.50 



70-1000 

6.59 



70-1100 

6.66 



70-1200 

6.71 



70-1300 

6.80 



70-1400 

6.88 


Thermal Conductivity 

Temp CF) 

Thermal Conductivity 
(BTU/Hr/Sq Ft/In/^F) 



200 

173 



1000 

199 



irregularly shaped pieces, it is more difficult to procure uniformity in 
hardness by this method. Subjecting cold-worked parts to high tempera¬ 
ture will cause softening and possible deformation if the temperature of use 
is above that required for recrystallization. 
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Hot working of austenitic alloys will also increase hardness if the tem¬ 
perature of hot-working is below the recrystallization temperature. Again 
the problem of uniformity of hardness becomes important especially in the 
case of large rotor disks where variations in hardness across the surface 
should be avoided^® 

b. Intergranular Corrosion. Stainless steels of the 18Cr-8Ni type and 
even those with higher alloy content as 18Cr-12Ni, 25Cr-12Ni, and 25Cr- 
20 Ni, are subject to intergranular attack on exposure to elevated tempera- 


Table 4-3. Elevated-temperature Properties of 27 Or Steel Type 446^ 


Chemical Composition : C 0.35 

ma.x 

Cr 23.0-27.0 

Short Time Tensile Strength 




Temp 

Tensile Strength 


CC ) 

TF) 

(psi) 


Room 

Room 

83,000 


426 

800 

68,500 


482 

900 

66,000 


538 

1000 

61,000 


593 

1100 

43,500 


650 

1200 

24,000 


704 

1300 

17,000 


760 

1400 

12,000 

Rupture Strength 





Temp 

Stress (psi) for Rupture 


rc) 

("F) 

in 1000 Hrs 


593 

1100 

6000 


650 

1200 

4000 


704 

1300 

2800 


760 

1400 

1700 

Creep Strength 





Temp 

Stress (psi) for 1% Creep 


(“C) 

(“F) 

in 10,000 hrs 


538 

1000 

6000 


593 

1100 

3000 


650 

1200 

1500 


704 

1300 

600 


tures. The mechanism for this reaction is that C, which at ordinary tem¬ 
peratures is retained in supersaturated solution, becomes unstable at cer¬ 
tain higher temperatures and is rejected from solid solution in the form of 
Cr-rich carbide. Adjacent areas are thus impoverished in Cr and the metal 
corrodes. The evidence of carbide precipitation is very often revealed by 
microscopic examination, especially the type of intergranular corrosion 
which appears at the grain boundaries. 

Exposure of stainless steels of the 18Cr-8Ni type to elevated temperature 
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for long periods of time during creep tests often induces microstructural 
changes of carbide precipitation and movement of carbide particles to the 
grain boundaries. Stainless steel 18Cr-8Ni Type 304 is subject to carbide 
precipitation when exposed to temperatures above 400° C (750° F). As an 
example, the 18Cr-8Ni steel (El) in Table 4-5 stressed at 13,000 psi at 
593° C (1100° F) for 3000 hours shows a moderate change in microstructure 
due to this deterioration^®. 

c. Elevated-temperature Properties. The elevated-temperature properties 
of steel T 3 ^e 304 as shown in Table 4-4 indicate that this steel is stable at 
moderate temperatures, but that its strength deteriorates in the neighbor¬ 
hood of 538° C (1000° F). 


Table 4-4. Elevated-temperature Properties 18Cr-8Ni Steel Type 304 
Chemical Composition 

C Cr Ni Mn 

0.08 max 18.0-20.0 8.00-11.00 2.00 max 


Room-temperature Properties 


Tensile 
Strength (psi) 

90,800 


Elong 
% in 2" 

67 


Short-time Tensile Strength^ 


Temo 

Tensile 

Elong 

Reduction in 

rc) 

(T) 

Strength (psi) 

% in 2 in. 

Area (%) 

426 

800 

67,050 

45 

69 

482 

900 

64,500 

40 

69 

538 

1000 

61,500 

45 

69 

593 

1100 

53,750 

41 

65 

650 

1200 

44,400 

47 

64 

704 

1300 

35,600 

51 

58 


Rupture Strength^ 


Temp 

CC) (T) 

Stress psi for Rupture 
in 1000 hrs (psi) 

593 

1100 

28,000 

650 

1200 

15,000 

704 

1300 

9000 

760 

1400 

6000 

815 

1500 

3700 


Temp 

CC) 

CF) 

Stress for 1% Creep 
in 10,000 hrs (psi) 

538 

1000 

17,500 

593 

1100 

12,000 

650 

1200 

7000 

704 

1300 

4000 

760 

1400 

2500 


Creep Strength 



150 


METALS AT HIGH TEMPERATURES 


Table 4-4. —Continued 

Hot Fatigue Strength^ 

Condition: water-quenched from (2000® F) 


Temp 

CC) 

CF) 

Fatigue Strength 
(psi) 

Room 

Room 

40,000 

426 

800 

32,000 

538 

1000 

32,000 

650 

1200 

30,000 


Note: At elevated temperatures, the S-N curve continues to slope downward at 
all reversals of stress investigated. 


Hot Impact Properties^ 


(*C) 

Temp 

CF) 

Charpy Impact 
(it-lbs) 

29 

85 

71 

260 

500 

93 

315 

600 

96 

371 

700 

99 

426 

800 

93 

482 

900 

86 

538 

1000 

89 

593 

1100 

91 

650 

1200 

85 

704 

1300 

78 


Material: annealed 
Specimens: drilled keyhole notch 


Thermal Expansion^ (0.007 C Max) 

Temp (®F) 
68-600 
68-800 
68-1000 
68-1200 
68-1292 


Mean Coefficient of 
Linear Expansion 
(In/In/'F X l(r«) 

9.88 

10.08 

10.20 

10.41 

10.50 


Thermal Conductivity^ (C 0.07, Mn 0.27, Cr 18.6, Ni 9.10) 


Temp CO 

Thermal Conductivity 
(watt8/cm/*C) 

100 

0.164 

200 

0.177 

300 

0.190 

400 

0.203 

500 

0.216 


d. Heat Treatment. For many services, the 18Cr-8Ni steels have the best 
resistance to intergranular corrosion when heated to 657 to 760° C (1250 
to 1400° F). The temperature varies in this range depending on the degnie 
of cold work which the material hsis received. However, for stainless steels 
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exposed to temperatures in the neighborhood of 593® C, a heat treatment 
of water-quenching from 1037 to 1093® C gives the optimum creep resist¬ 
ance'®. This is shown for the El steel in Table 4-5 which has a strength of 
13,500 psi for a creep rate of 0.1 per cent per 1000 hrs at 593® C (1100® F). 
These results are based on tests of 3000 hours’ duration. 

Table 4-6. 18Cr-8Ni Stabilized with Ti Type 321* 


Chemical Composition 

C Mn Si P 

0.08 max 2.0 max 1.0 max 0.04 max 

Short-time Tensile Strength 


Temp 

(*C) 

PF) 

Room 

Room 

426 

800 

482 

900 

538 

1000 

593 

1100 

650 

1200 

704 

1300 

760 

1400 


Rupture Strength 


Temp 

("C) (*F) 

593 

1100 

650 

1200 

704 

1300 

760 

1400 

815 

1500 


Creep Strength 


Temp 

(“C) 

("F) 

538 

1000 

593 

1100 

650 

1200 

704 

1300 

760 

1400 

815 

1500 


S Cr Ni Ti 

0.03 max 17-19 8-11 5XC min 

Tensile 
Strength (psi) 

83.500 
59,000 
58,000 
54,000 
50,000 

44.500 

36.500 

28.500 


Stress for Rupture 
in 1000 hrs (psi) 

27,000 

17,500 

10,000 

5500 

3700 


Stress for 1% Creep 
in 10,000 hrs (psi) 

18,000 
13,000 
8000 
4500 
' 2000 
850 


n. Stabilization of the 18Cr*8Ni by Small Percentages 
of Other Elements (Types 321, 347, 316) 

The austenitic alloys of the 18Cr-8Ni class, namely Types 316, 321, and 
347, are stabilized against many types of intergranular corrosion by the 
addition of small amounts of such elements as Mo, Ti, and Cb. These 
metals unite with the C to prevent the withdrawal of Cr-rich carbides from 



CHROME IRONS, MODERATELY ALLOYED AUSTENITIC STEELS 153 

solid solution, which precludes the formation of localized areas deficient 
in Cr. In all these alloys, Mn is present in small proportions to keep the 
alloy austenitic and prevent the formation of a second phase, thereby in¬ 
hibiting corrosion. 


Table 4-7. 18Cr-8Ni Stabilized with Cb Type 347‘ 


Chemical Composition 

C Mn Si P S Cr Ni Cb 

0.08 max 2.0 max l.Omax 0.04 max 0.03 max 17-19 9-12 lOXCmin 


Short-time Tensile Strength 


Rupture Strength 


Creep Strength 


Temp 

rc) 

(°F) 

Tensile 
Strength (psi) 

Room 

Room 

90,000 

426 

800 

66,000 

482 

900 

64,500 

538 

1000 

61,500 

593 

1100 

57,000 

650 

12(K) 

50,000 

704 

13(K) 

40,500 

760 

14(K) 

31,5(K) 


Temp 

Stress for Rupture 

(T) 

PF) 

in 1000 hrs (psi) 

593 

IKX) 

30,000 

650 

12(K) 

17,000 

704 

1300 

11,200 

760 

1400 

7500 

815 

1500 

4400 


Temp 

Stress for 1% Creep 

(“C) 

TF) 

in 10,000 hrs (psi) 

538 

1000 

19,000 

593 

1100 

15,000 

650 

1200 

9500 

704 

1300 

5000 

760 

1400 

2500 

815 

1500 

1100 


These alloys have excellent weldability, good forming properties and 
fair machinability. Their elevated-temperature properties are shown in 
Tables 4-6, 4-7, and 4-8 In general, their rupture strength and creep 
strength are higher than the stainless steel Type 304. In order of increasing 
strength at elevated temperature they fall as follows: Type 321, 347 and 
316. 

however, there are other tests which do not show this order for the 18Cr- 
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8Ni steels stabilized with Ti and Cb. In Table 4-5, elevated-temperature 
properties are shown for 3 steels, one with no additional elements and one 
each with Ti and Cb added^®. Steel E3 with 0.82 per cent Cb has the highest 
creep strength of the three steels tested. 


Table 4-8. 18Cr-8Ni Stabilized with Mo Type 316^ 


Chemical Composition 

C Mn Si P S Cr Ni Mo 

0.10 max 2.0 max 1.0 max 0.04 max 0.03 max 16-18 10-14 2-3 


Short-time Tensile Strength 


Rupture Strength 


Creep Strength 


Temp 

CC) CF) 

Room 

Room 

426 

800 

482 

900 

538 

1000 

593 

1100 

650 

1200 

704 

1300 

760 

1400 

Temp 

CC) CF) 

593 

1100 

650 

1200 

704 

1300 

760 

1400 

815 

1500 

Temp 

CC) 

CF) 

538 

1000 

593 

1100 

650 

1200 

704 

1300 

760 

1400 

815 

1500 


Tensile 
Strength (psi) 

82.500 

71.500 
70,000 

67.500 
63,000 

56.500 

46.500 
35,000 

Stress for Rupture 
in 1000 hrs (psi) 

33,000 

25,000 

17,000 

11,000 

7000 


Stress for 1% Creep 
in 10,000 hrs (psi) 

24,000 

18,000 

11,000 

7000 

4500 

2000 


a. Magnetic and Impact Tests on Modified 18Cr-8Ni Steels. The change 
in properties of a modified 18Cr-8Ni steel is shown by magnetic and impact 
tests on specimens after prolonged heating^. The steel which exhibited 
deterioration has the following analysis: 

C Mn Si Ni Cr W V Ti 

0.11 0.41 0.86 8.63 17.66 0.72 0.20 0.30 

Due to the fact that creep tests at 600° C (1112° F) show a marked de¬ 
crease in creep resistance after a few hundred hours, the magnetic and 
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impact properties are reported below for heating at 650° C (1202° F) in 
the unstressed state. 


Magnetic Saturation 

Magnetic Saturation 


Material (gauss) 

As received 203 

1000 hrs at 650° C 325 

2500 “ “ “ “ 1090 

20% reduction, + 1000 hrs at 650° G 1880 

“ “ + 2500 “ “ 2580 


Impact Tests 

Material 


kem/sq 
(results of 


3 tests) 


As received 

1000 hrs at 650° C 

2500 


29.9, 30.7, 32.4 
23.2, 24.5, 24.9 
13.5, 18.0, 16.5 


The magnetic tests indicate that heating 1000 hrs and 2500 hrs at 650® C 
causes a decomposition of austenite to ferrite. The impact tests indicate a 
decrease in impact strength with increase in time of testing. These values 
are included here to show the possible value of magnetic tests in correlating 
decrease in creep strength with increase in time. 


C. Moderately Alloyed Austenitic Steels 

There are a number of modifications of the austenitic stainless steels 
which have higher creep strength and yet retain their good forming proper¬ 
ties. Small additions of Mo, W, Ti, and Cb form such alloys as 19-9DL and 
19-9W-Mo. Other similar alloys where the Ni is increased to 20 to 25 per 
cent are Gamma Columbium, 19-W, and 16-25-0. 

These alloys recrystallize at temperatures above 926® C (1700° F) after 
working. They show their optimum creep and stress rupture properties 
when they are “hot-cold'' worked in the range of 650 to 760° C (1200 to 
1400° F). Forming in this intermediate temperature range renders them 
suitable for service at temperatures from 510 to 650° C. It is important 
that forming temperatures should be above those encountered in service 
so that no softening of the metal occurs later with lowering of the creep 
strength. These alloys find wide use as forgings for turbine disks and for 
blading in applications where temperatures do not exceed the limit specified 
for their use. 


I. 19-9W-MO Alloy* 

The 19-9W-Mo alloy contains approximately 9 per cent Cr, 9 per cent 
Ni, 0.35 per cent Mo, 1.25 per cent W, 0.5 per cent Cb^ and 0.35 per cent Ti, 

* Universal Cyclops Steel Corp. 
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It consists of austenite with about 30 per cent of ferrite phase which is 
changed to sigma phase on heating in the range of 650 to 870° C (1200 to 
1600° F) over extended periods^®. This alloy is useful in gas turbine and 
supercharger wheels, ducts and gas turbine blades. 

The room-temperature and stress-rupture properties at 650° C (1200° F) 
of the 19-9W-Mo alloy are shown in Table 4-9 after hot-rolling followed by 
20 to 25 per cent ‘"hot-cold^* work at 650° C (1200° F). Its rupture strength 
after 1000 hrs at 650° C (1200° F) is 40,000 psi, with 22 per cent elongation. 
This value is extrapolated from a test period of 661 hrs. Samples repre¬ 
sentative of 2 other heats of a 19-9W-Mo alloy solution treated and then 
given 20 to 25 per cent *'hot-cold’’ work at 650° C (1200° F) do not have a 


Table 4-9. Elevated-temperature Properties of 19-9W-Mo Alloy 
Chemical Composition 

C Mn Si Cr Xi Mo W Cb Ti 

0.11 0.60 0.42 18.87 8.63 0.40 1.36 0.28 0.45 

Manufacturing Procedure 

This alloy is representative of a heat melted in a 2(),(XX)-lb basic arc furnace and 
cast into 12 in ingots. It was then hammer-cogged at 1137 to 926°C (2080 to 
1700® F) to 4 by 4 in and rolled at 1150 to 1037°C (2100 to 1900° F) to i by i in. 
Finally, it was stress-relieved at 650°C (1200°F)^. 

19-9W-MO Alloy 20 to 25% ‘‘Hot-Cold” Work at 650°C (1200°F) After Hot-Rolling>^ 
Room-temperature Properties 

Brinell Tensile 

Hardness Strength (psi) 

275 122,900 

Rupture Properties at 650'^C (1£00°F) 

Rupture Strength Longest Rupture Test 

100 Hrs 1000 Hrs Time, Hrs Elong % in 1'* 

53,000 40,000 661 22.0 

higher rupture strength at 650° C (1200° F) and show a ductility of only 
6 to 10 per cent^^ 

Other short-time tensile and stress-rupture tests for a 19-9W-Mo alloy 
are shown in Table 4-10, which compares the properties of stress-relieved 
hot-rolled bar stock with (1) a weldment between hot-rolled bars and (2) 
a cast sample, quenched and stress relieved. The weldment and the cast 
sample have a gradual decrease in ductility up to the approximately 200 hr 
test period^®. 

n. 19-9DL Alloy 

The 19-9DL alloy is somewhat similar to the 19-9W-Mo in that it con¬ 
tains approximately 19 per cent Cr and 9 per cent Ni. However, the Mo 


0.02% Offset Elong. 

Yield . % in V 

79,000 26.7 
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content is 1.25 per cent, the W 1.19, the Cb 0.30, and the Ti 0.20 approxi¬ 
mately. In general the elevated-temperature properties of this alloy are 
superior to those of 19-9W-Mo. The 19-9DL alloy contains about 5 per 
cent ferrite'®. 

Table 4-10. Elevated-temperature Properties 19-9W-Mo Alloy'® 

Chemical Composition 


C Mn Si 

Cr 

Ni 

Mo 

W 

Cb 

Ti 

0.10 0.60 0.50 

19.00 

9.00 

0.40 

1.25 

0.40 0 

.35 

Short-time Tensile and Stress 

■rupture Tests of 19 9W- 

Mo 




Temp 

Stress 

Time to 

Elong 

Reduction 

Form 

(“C) 

(“F) 

(psi) 

Rupture (hrs) 

% in 2-^ 

in Area (%) 

Hot-rolled bar stock 

650 

1200 

60,000 

S.T.T.S.* 

27.0 

62.3 

stress-relieved at 650°C 



55,000 

0.10 

30.0 

69.3 




52,000 

5.40 

24.0 

65.6 




45,000 

17.0 

30.0 

59.1 




36,418 

285.00 

31.5 

53.0 




30,000 

2109.00 

32.0 

56.8 


760 

1400 

44,700 

S.T.T.S.* 

41.5 

75.1 




35,000 

0.95 

33.0 

72.7 




28,000 

15.25 

35.0 

70.6 




20,000 

97.00 

48.0 

72.5 




17,000 

330.50 

34.5 

69.3 




14,000 

683.00 

29.0 

57.3 




12,500 

936.00 

24.0 

47.8 




11,000 

1533.00 

32.0 

53.0 

Weldment between hot- 

650 

1200 

40,900 

S.T.T.S. 

21.5 

29.2 

rolled bars, stressed-re- 



30,000 

3.50 

15.0 

22.3 

lieved at 760° C (frac¬ 



25,000 

68.50 

5.5 

11.9 

tures in weld or at inter¬ 



23,000 

271.50 

8.5 

10.4 

face) 







Casting. Samples water- 

650 

1200 

45,900 

S.T.T.S.* 

24.0 

54.1 

quenched from 1120° C. 



35,000 

13.00 

15.0 

32.1 

Stress-relieved at 760° C 



30,000 

58.0 

10.0 

19.9 




26,000 

174.00 

4.0 

8.9 


*S,T,T.S. Short Time Tensile Strength 


Creep Strength^ 

Stress, psi, for Min 
Temp Creep Rate of 

Material CC) m O.OOOOl % 1 hr 

Rolled stock, stress- 650 1200 6600 

relieved 650° C 
Hot Fatigue Strength^ 

Endurance Strengh (psi) 
Temp 2.5 X 10« 

Material (*C) (*F) 10* cycles cycles 

Heated 1093° C, water-quenched. 650 1200 37,000 35,000 

Aged 4 hrs at 650° C 
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Tabl£! 4-11. Elevated-tkmperature Properties 19-9DL Alloy 
Chemical Composition 

C Mn Si Cr Ni Mo W Cb Ti 

0.26 0.52 0.57 18.95 9.05 1.22 1.19 0.29 0.21 

Manufacturing Procedure 

19-9DL is representative of a 33-Ib heat, hammer-forged at 1124 to 704® C (2055 
to 1300° F) to Jth-in sq bar. The heat treatment consists of holding 1 hr at 1150° C 
(2100° F) and air-cooling. It is then heated to 650° C (1200° F) and reduced 21.3 per 
cent by rolling and stress relieved at 650° C (1200° F)^® 

Room-temperature Properties 

Brinell Tensile Yield Strength Elong Reduction 

Harness Strength (psi) 0.02% offset 0.2% offset % in 1'^ in Area (%) 

289 138,750 95,000 113.750 28.7 48.3 

Stress Rupture and Elongation Values 

Elong after Fracture 


Temp 


Rupture Strength (psi) 



% in 

1 in 


10 

100 

500 

1000 

10 

100 

500 

1000 

(C*) (“F) 

hrs 

hrs 

hrs 

hrs 

hrs 

hrs 

hrs 

hrs 

650 1200 

70,000 

62,000 

54,000 

50,000 

7 

3 

2 

3 

732 1350 

♦ Estimated 

— 

35,000 

24,000 

20,500* 

— 

4 

5 



Chemical Composition 

C Mn Si Cr Ni Mo W Cb Ti 
0.3 0.6 0.7 19.0 9.0 1.3 1.2 0.4 0.2 

Manufacturing Procedure 

19-9DL alloy is representative of heating at 1232° C (2250° F) for J hr and oil¬ 
quenching followed by heating at 815° C (1500° F) foi!' 50 hrs.*^ 

Stress Rupture and Elongation Values 

Temp Stress to Rupture and Elongation 

("O (“F) 10 hrs % 100 hrs % 1000 hrs % 

815 1500 17,500 5.0 13,300 4.0 10,000 3.0 

Creep Strength 

Temp Stress for Minimum Creep Rate % per Hr 

(“C) CF) 0.001 0.0001 0.00001 

815 1500 10,400 7100 4800 


Creep Strength^ 


Material 

Temp 

rc) r^F) 

Stress for Min Creep Rate (psi) 
0.0001%/hr 0.00001%/hr 

Annealed 1232° C oil-quenched. 

732 

1350 

13,000 - 

aged 50 hrs at test temperature 

815 

1500 

6600 < 6000 

Hot Fatigue^ 




Material 

Temp 

CO CF) 

Endurance Strength (psi) 
10* cycles 

1160° C 1 hr, air-cooled, cold-worked 
15% at 660° C, aged 4 hrs at 660° C 

650 

1200 

43,000 



CHROME IRONS, MODERATELY ALLOYED AUSTENITIC STEELS 159 


Table 4-11 .—Continued 


Hot Impact Strength^ 


Temp 

(“C) 


m 


Room Room 
815 1500 


Charpy Impact 
Resistance (U-lbs) 

27 

39 


Specimens: Keyhole notch 


Thermal Expansion 


(Temp (“F) 

Mean Coefficient of 
Linear Expansion 
(In/In^F X 10-*) 

70-600 

9.31 

70-800 

9.59 

70-1000 

9.78 

70-1200 

9.97 

70-1500 

10.01 


It finds wide use as gas turbine wheels and in ducts, collector rings and 
exhaust cones. It is especially useful in bolting materials as will be shown in 
the data which follow. At 650° C (1200° F) its rupture strength is about 
20 per cent greater than that of 19-9W-Mo. Its use as a bolting material is 
satisfactory up to 650° C (1200° F), but falls off at 732° C (1350° F). At 
this temperature its relaxation stress for 10,000 hours has a factor of 5 to 1 
greater than that of 

The elevated-temperature properties of the 19-9DL alloy are given in 
Table 4-11. The results of relaxation tests are shown in Tables 4-12 and 
4-13. Design curves for the 19-9DL alloy at 732° C (1350° F) for two 
different heat treatments are shown in Figs. 4-1 and 4-2. 

in. 17W Alloy* 

This alloy, containing approximately 13 per cent Cr and 19 per cent Ni 
with small additions of Mo, W, and Ta, is representative of an earlier 
analysis used in turbine wheels. It has been replaced by other alloys which 
have improved properties at elevated temperatures. 

Chemical Composition 

C Mn Si Cr Ni Mo W Ta 

0.49 0.61 0.61 13.12 19.11 0.58 2.36 0.03 

20 to 25% “Hot-Cold” Work After Hot-rolling^*^ 

Room-temperature Properties 

Tensile 

Brinell Strength Yield Elong 

Hardness (psi) 0.027o Offset % in 2^ 

335 164,000 111,000 13.5 


Universal Cyclops Steel Corp. 
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Rupture Properties at 6S0'’ C {1200° F) 

Rupture Strength Longest Rupture Test 

100 Hrs 1000 Hrs Time (hrs) Elong. (%) 

37000 20500 456 9.0 

Table 4-13. Relationships at 650° C (1200° F) between 19-9DL and 19-9W-Mo 
FOR 10,000-HOUR Relaxation Stress, Restrained and Unrestrained 

Creep Rates^® 


10,000-hr Relaxation Stress, (psi) (Rigid- 

19-9DL 

19-9W-MO 

Ratio 

frame Method) 

Stress, (psi) for Unrestrained Secondary 

10,000 

2000 

5:1 

Creep Rate of 1% in 10,000 hrs 

Stress, (psi) for Unrestrained Secondary 

22,000 

17,000 

1.3:1 

Creep Rate of 1% in 100,000 hrs 

10,000 

6500 

1.54:1 



Fig. 4-1. Design Curves for Alloy 19-9DL at 732° C (1350° F). Forged and aged 
at 732° C (1350° F). (After Cross and Simmons) 

IV. eSA Alloy* 

This alloy, containing approximately 18 per cent Cr, 5 per cent Ni, and 
4 per cent Mn with smaller percentages of Mo, W, and Cb, has also been 
developed for high-temperature service. 

Chemical Composition 

C Mn Si Cr Ni Mo W Cb 

0.38 4.17 0.30 18.52 4.55 1.35 1.34 0.57 

Manufacturing Procedure 

This alloy is representative of a hammer-forged 150-lb induction-furnace heat. 
It was finished at 650° C (1200° F) and stress-relieved 1 hr at 650° C (1200° F)^^ 


* Crucible Steel Co. of America, 
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Room-temperature Properties 


Brinell 

Tensile 

Strength 

Yield Strength 

0.02% 0.2% 

Elong 

Reduction in 

Hardness 

(psi) 

Offset Offset 

% in 2*' 

Area (%) 

292 

153,250 

84,650 105,350 

17.8 

22.2 

Rupture Properties 

Temp 

10 

Rupture Strength (psi) 

100 500 1000 

Estimated Elong after 
Fracture, % in 1 in 

10 100 500 1000 

(“C) 

(“F) 

hrs 

hrs hrs hrs 

hrs 

hrs hrs hrs 

650 

1200 

58,000 

50,000 43,000 39,000 

20 

25 18 12 

732 

1350 

— 

22,500 16,000 12,500 

— 

25 25 20 



Fig. 4-2. Design Curves for Alloy 19-9DL at 732° C (1350° F). Heat treated and 
aged at 732° C (1350° F). (After Cross and Simmons) 

V. Gamma Cb Alloy* 

This alloy, containing approximately 15 per cent Cr, 25 per cent Ni, and 
4 per cent Mo with small percentages of Cb and N, has also found use in 
turbosupercharger wheels. 

Chemical Composition 

C Mn Si Cr Ni Mo Cb N 

0.40 0.84 0.46 15.08 24.71 4.39 1.90 0.036 

20 to 25% ^‘Hot-Cold” Work at 650° C (1200° F) After Hot-rolling^* 

Room-temperature Properties 
Tensile 

Brinell Strength Yield Elong. 

Hardness (psi) 0.02% Offset % in 2 " 

333 160,900 118,000 13.2 

* Allegheny Ludlum Steel Corp.; Universal Cyclops Steel Corp, 
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Rupture Properties at 6S0° C (ISOO° F) 

Rupture Strength 
100 Hrs 1000 Hrs 

51,000 37,200 

VI. 16-25-6 Alloy* 

This alloy contains 16 per cent Cr, 25 per cent Ni, 6 per cent Mo, and 
0.08 to 0.10 per cent C. The high Ni content helps suppress the formation 
of the delta phase and the low C content preserves good forming and weld¬ 
ing properties. Due to the wide usage of this material for turbosupercharger 
wheels and the fact that the published information is considerable, a de¬ 
scription of its manufacturing methods and properties is given in detail. 

Manufacturing Procedure 

For jet engine turbine wheels, ingots are cast 19 or 21 inches in diameter 
and are forged into 8|-inch square blooms. For supercharger wheels, the 
ingots may be cast 14 inches in diameter and then reduced to 8-inch blooms 
after being heated to 1093"" C (2000° F). Hammer-forging reduces these to 
5-inch square billets for forging into wheels. The blocking die for wheel 
forgings must be designed to control the cold work required in the finishing 
die to keep hardness gradients to a minimum across the surface of the 
wheel. The second* or finishing operation is carried out at 650 to 732° C 
(1200 to 1350° F). Forging strains are eliminated by annealing at 650° C 
(1200° F) for 6 hours'^ 

Microstructure 

The 16-25-6 alloy undergoes certain changes under heat treatment, such 
as solution of the carbides on heating above 1093° C (2000° F) and precipi¬ 
tation of these microconstituents on reheating at lower temperatures. 
These are described here in some detail since they are typical of the changes 
which occur in many austenitic alloys. The structure of 16-25-6 alloy, after 
being hot-rolled, consists of austenite with a phase resembling carbides in 
banded form. Tempering the hot-rolled material for 12 hours at tempera¬ 
ture ranges of 704 to 871° C (1300 to 1600° F) causes the carbides to migrate 
through the austenite grains and become quite uniformly dispersed. This 
tempering decreases the ductility of the hot-worked alloy in tests conducted 
at room temperature'^ 

A solution treatment for 16-25-6 alloy involves heating to 1176° C 
(2150° F) and quenching in water. In the solution-quenched structure of 
Figs. 4-3 and 4-4, it is evident that the carbides are largely dissolved. Tem¬ 
pering the quenched alloy causes precipitation-hardening, which increases 


Longest Rupture Test 
Time (hrs) Elong in 2" (%) 

612 2.0 


Timken Roller Bearing Co. 
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Fig. 4-3. Alloy 16-25-6 hot rolled, heated to 1176® C (2150° F) and water quenched- 


Magnification lOOX. (After Fleischmann) 



as the temperature is increased from 650 to 870° C (1200 to 1600° P). In 
Figs. 4-5 and 4-6, the solution-quenched and tempered alloy is shown after 
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12 hrs at SIS’^C (1500° F). At this temperature, the precipitate is more 
coarse-grained than that formed by tempering at 650° C (1200° F). It will 
be noted from the photomicrographs that tempering does not change the 
size of the austenitic grains formed on solution quenching from 1176° C 
(2150° F). 



Fig. 4-9. Alloy 16-25-6 solution quenched, cold worked by 20% elongation, and 
tempered at 650° C (1200° F) for 72 hrs. Magnification lOOX. (After Fleischmann) 



Fig. 4-10. Same as Figure 4-9. Magnification lOOOX. (After Fleischmann) 

The difference in the effect of cold-working on two different treatments, 
namely, the hot-rolled alloy and the solution-quenched alloy, should be 
noted. If both types are elongated 20 per cent by cold work and tempered 
at 815° C (1500° F) for 72 hrs, their structures as shown in Figs. 4-7 to 
4-10 are somewhat different. The original austenite grains are fine in the 
hot-worked alloy and very coarse in the solution-quenched alloy. The pre¬ 
cipitate, on the other hand, is coarse in the hot-worked allpy and very fine 
in the solution-quenched alloy. The large austenite grains in Figs. 4-8 and 
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4-9 show distortion from the cold-working, which produced 20 per cent 
elongation. The banding in both samples is probably due to dendritic 
segregation, which is typical of alloys high in Ni. The fact that the solu¬ 
tion-quenched sample has a very fine precipitate suggests that the treat¬ 
ment of 72 hrs at 815° C (1500° F) is still within the precipitation-hardening 
range. 

High-temperature Properties: Short-time Tensile Strength 

The tensile strength, elongation, and reduction in area for 16-25-6 alloy 
are shown in Fig. 4-11 for the hot-rolled alloy and an alloy water-quenched 
from 1176° C (2150° F) from room temperature to 926° C (1700° F). The 
results of short-time tensile tests indicate that up to 788° C (1450° F), 
the hot-rolled material has a slightly higher strength than the solution- 
quenched alloy. The dip in the ductility curve for the water-quenched 
sample at 704° C (1300° F) suggests that precipitation-hardening is taking 
place in this temperature range. This decrease does not occur in the hot- 
rolled samples. 

Stress-Rupture Tests 

The results of stress-rupture tests for 16-25-6 alloy shown in Fig. 4-12 
cover the temperature range from 538 to 815° C (1000 to 1500° F) and 
extrapolations on the time axis up to 10,000 hours. At 650° C (1200° F), 
for tests of 1000 hours, the rupture strength is about 34,000 psi. On the 
same chart, values for the rupture strength of an 18Cr-8Ni alloy and a 
Sicromo 5-S alloy are included, to demonstrate the superior properties of 
16-25-6 alloy. These curves represent values for both solution-quenched 
and annealed material. Above 650° C (1200° F) for long periods of service, 
differences in treatment are ineffective in increasing rupture strength^^. 

Creep Strength 

Time-elongation curves for 16-25-6 alloy are shown in Fig. 2-2 (Chapter 
2) at 650° C (1200° F) under a constant load of 20,000 psi. The upper curve 
represents an alloy solution-quenched from 1176° C (2150° F) which has 
a creep rate, as indicated, of 0.32 per cent per 1000 hours. The lower curve 
represents an alloy finished at 815° C (1500° F) and tempered 6 hrs at 
690° C (1275° F) under the same test conditions of 650° C (1200° F) and 
20,000 psi. This alloy has a creep rate of 0.018 per cent per 1000 hours. 

In Fig. 2-3 (Chapter 2) the same two alloys are subject to a creep test 
at 704° C (1300° F) under a load of 12,500 psi. The creep rate for the solu¬ 
tion-quenched alloy is 0.05 per cent per 1000 hours and 0.021 per cent for 
the tempered alloy. These two sets of curves indicate the greater stability 
which results from 6 hours^ tempering at 690° C (1275° F). 
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TEMPERATURE OF TEST 'F. 

Fig. 4-11. Alloy 16-25-6. Short time tensile properties at indicated temperatures, 
1 inch round bars. (After Fleischmann) 


The results of creep tests of 16-25-6 alloy for average conditions are in¬ 
dicated in Fig. 4-13 for a temperature range of 650 to 815° C (1200 to 
1500° F). These curves represent average conditions. 





‘Nl ‘£>S )l3d SONDOd 
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Fig. 4-12. Alloy 16-25-6 stress rupture strength. (After Fleischmann) 
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Design Curves 

The total elongation after 1000 hours is shown in Fig. 4-14, where the 
stress to produce a certain deformation is plotted against the test tempera¬ 
ture for the solution-quenched 16-25-6 alloy. The total elongations selected 



Fig. 4-13. Alloy 16-25-6. Creep curves at 650 to 815° C (1200° F to 1500° F). (After 
Fleischmann) 



7C»TlNO TCM^CHATunCS ’K 

{Courtesy Timken Roller Bearing Co.) 

Fig. 4-14. Alloy 16-25-6 (solution quenched). Total elongation after KXX) hours 
and rupture strength in 1000 hours. 

are for a total of 1, 0.2, and 0.1 per cent, and are obtained from creep data. 
The upper curve represents the stress required for rupture in 1000 hours 
at the indicated temperature and the elongation measured on the broken 
specimen. The 16-25-6 alloy at 650 and 704° C (1200 and 1300° F) has an 
elongation of approximately 16 per cent in 1000-hour tests. 
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Hot Fatigm Tests 

The hot fatigue strength of 16-25-6 alloy exceeds its rupture strength in 
periods up to 10,000 hours^^ 


Table 4-14. Elevated-temperature Properties of 16-25-6 Alloy^* 


Thermal Expansion 


Temp CF) 

Mean Coefficient 
of Linear 
Expansion 
(In/In/^F X 10-«) 

70-200 

8.4 

70-400 

8.7 

70-600 

8.85 

70-800] 

9.05 

70-1000 

9.2 

70-1200 

9.4 

70-1400 

9.5 


ModvliLS of Elasticity Versus Temperature 


Material 

Temp 

PC) 

(“F) 

Modulus X 10 

a* 

Room 

Room 

28.2 

bt 

Room 

Room 

32.5 

a 

650 

1200 

17.9 

b 

650 

1200 

17.9 

a 

704 

1300 

14.0 

b 

704 

1300 

14.9 

a 

760 

1400 

11.3 

b 

760 

1400 

14.2 

a 

815 

1500 

10.0 

b 

815 

1500 

13.8 


* Forged, cold worked and tempered at 650° C (1250° F) 

t Quenched, 1176° C (2150° F), cold worked, tempered 4 hrs at 650° C (1250° F) 
Modulus of rigidity = 11,000,000 psi. 

Poisson's ratio = 0.286 for test pieces cut from supercharger wheel forgings. 


Vn. AUoy G.18B. 

This austenitic alloy contains about 13 per cent each of Ni and Cr, 10 
per cent Co, 0.4 per cent C with additions of the strong carbide-forming 
elements W, Mo, and Cb (Nb). It is the most widely used forging heat- 
resistant alloy for disc and rotors at the present time in England. A typical 
analysis and some properties at elevated temperatures are shown in Table 
4-15 and Fig. 4-15^^. 

This alloy has the optimum creep strength when solution-treated at 
1300° C (2372° F) followed by “warm working’^ or “hot-cold working’^ in 
the range of 650 to 800° C (1200 to 1472° F). During this warm-working 
operation precipitation of certain constituents as carbides occurs, which 
tends to increase creep strength. From experiments with austenitic alloys, 
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the addition of carbide-forming elements does not influence the solid solu¬ 
tion matrix in increasing the creep strength^^ 

Vni. Grain-size Effects of Austenitic Alloys 

Many users of austenitic steels for seamless tubing specify a grain size of 
5 or finer (A.S.T.M. grain size classification) in the belief that fine grains 
have better properties for high-temperature service. A comparison of aus- 

STRESS TIME CURVES FOR STATED CREEP STRAMS OF C.I8B 
STEEL AT 6S0»C. 



10 100 iOOO 10.000 

TIME HOURS 

Fig. 4-15. Stress-time curves for stated creep strains of Alloy G.18B at 650° C. 
(After Oliver and Harris) 

tonitic steels with varying grain size suggests that this factor is somewhat 
complicated. 

The alloys for this study consist of (1) 18-8 quenched from 1093° C 
(2000° F); (2) 18-8 normalized at 926° C (1700° F); (3) 18-12 -f Cb 
quenched from 1038° C (1900° F); (4) 18-12 + Cb quenched from 1232° C 
(2250° F); (5) 18-12 + Cb normalized at 926° C (1700° F); (6) 25-20 
quenched from 1176° C (2150° F); (7) 25-20 normalized at 926° C (1700° 
F); (8) 25-12 water-quenched from 1038° C (1900° F); (9) 25-12 water- 
quenched from 1204° C (2200° F). The analysis of these alloys, their grain 
size and hardness are shown in Table 4-16^. 
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The normalized samples are all fine-grained, size 8, and the water- 
quenched samples are coarser-grained, usually less than 5 except the sam- 

Table 4-15. Elevated-TEMPERATURE Properties op G. 18 B Alloy” 


Chemical Composition 






Cb 


c 

Mn 

Si Ni Cr W 

Mo (Nb) Fe 

Co 

0.41 

0.76 

1.13 13.4 13.3 2.72 

1.80 3.38 52.8 

10.3 

Physical Constants 





Temp 

(“C) 

Density 

(gms/cc) (Ib/cu in) 

Mean Linear 
Thermal 
Expansion 
Coefficient 
(20*C - C) 
per ‘C 

Thermal 

Conduc¬ 

tivity 

(e.g.s. 

units) 

Young’s 
Modulus 
(tons/sq in) 

20 

8.13 

0.294 

— 

— 

13,500 

100 

8.10 

.293 

15.6 X 10-» 

0.032 

13,300 

200 

8.07 

.292 

15.8 X 10-6 

.036 

13,000 

300 

8.02 

.290 

16.5 X 10-6 

.041 

12,600 

400 

7.99 

.289 

16.9 X 10-6 

.045 

12,000 

500 

7.94 

.287 

17.1 X 10-6 

.049 

11,400 

600 

7.90 

.286 

17.3 X 10-6 

.053 

10,600 

700 

7.85 

.284 

17.7 X 10-6 

.057 

9800 

800 

7.80 

.282 

18.0 X 10-6 

.061 

9100 

900 

7.75 

.280 

18.3 X 10-6 

.066 

— 

Hot Fatigue Data (Solution-treated 1300° C) 




Temp 

rc) 


Endurance Limit 
(Zero Mean Stress) 

(tons per sq in) 

Endurance Limit 
(Tensile Mean Stress) 
(tons per sq in) 



600 


± 18 

20 ± 8.5 



650 


=b 15 

14 dtz 10.0 



700 


zt 13 

12 ± 8.4 



750 


=fc 10 

9± 8.7 



800 


± 8.5 

6 ± 5.7 



Charpy Impact Tests (Solution-treated 1300° C) 


Temp 

("C) 

Hot Impact Strength 

(kg m/cm*) 

20 

15.0 

200 

10.1 

400 

8.0 

500 

9.5 

600 

12.3 

700 

10.4 

800 

9.5 


pies quenched from under 1093® C (2000® F), which tend to the inter¬ 
mediate grain size range of 5 to 7. 

The physical properties resulting from all these treatments show good 
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strength, varying from 83,000 to 98,000 psi, and satisfactory ductilities, 
as denoted by elongations of 40 to 61 per cent and reductions of area of 63 
to 76 per cent. The normalized steels with the finest grain size of 8 have the 
best room-temperature strength properties. However, the difference be- 

Tablb 4-16. Composition, Heat Treatment and Room Temperature Physical 
Properties of Four Austenitic Steels^ 


Chemical Composition 


Type Steel 

C 

Mn 

P 

s 

Si 

Cr 

Ni 

Cb 

18-8 (Q) 

0.06 

0.50 

0.008 

0.008 

0.61 

17.75 

9.25 


18-8 (N) 

0.056 

0.50 

0.010 

0.015 

0.47 

18.68 

10.21 


18-12 -f Cb (Q) 

0.07 

1.68 

0.013 

0.014 

0.55 

17.78 

12.70 

0.88 

18-12 + Cb (N) 

0.08 

1.72 

0.011 

0.008 

0.58 

18.25 

12.93 

0.88 

26-20 

0.11 

0.58 

0.009 

0.010 

0.75 

23.60 

20.65 


25-12 

0.06 

1.55 

0.011 

0.017 

0.42 

24.96 

13.40 



Heat Treatment*^ Hardness and Grain Size 


Typ>e Steel 

Heat Treatment, Deg. Fahr. 

Brinell Hardness 

Grain Size 

18-8 (Q) 

Water-quenched 

2000 

137 

2-5 

18-8 (N) 

Normalized 

1700 

143 

8+ 

18-12 -f Cb (Ql) 

W ater-quenched 

1900 

144 

4-6 

18-12 -f Cb (Q2) 

Water-quenched 

2250 

148 

2-4 

18-12 + Cb (N) 

Normalized 

1700 

163 

8 

25-20 (Q) 

Water-quenched 

2150 

143 

2-4 

25-20 (N) 

Normalized 

1700 

159 

84* 

25-12 (Ql) 

Water-quenched 

1900 

183 

5-7 

25-12 (Q2) 

Water-quenched 

2200 

178 

3-5 

Room Temperature Physical Properties 





Tensile 

Yield Stress 

Proportional 

Limit 

Elongation 

Reduction of 

T 3 rpe Steel 

Strength 

0,2% Set 

in 2 In. 

Area (%) 

18-8 (Q) 

85,200 

27,900 

12,600 

61.0 

74.0 

18-8 (N) 

87,500 

33,600 

15,600 

54.0 

75.0 

18-12 -f Cb (Ql) 

83,350 

33,600 

12,500 

54.0 

72.5 

18-12 -f Cb (Q2) 

81,800 

32,000 

12,500 

54.0 

73.0 

18-12 -f- Cb (N) 

91,750 

41,500 

22,600 

46.0 

66.0 

25-20 (Q) 

87,400 

36,000 

15,000 

54.0 

76.0 

25-20 (N) 

96,000 

50,000 

37,500 

40.0 

63.0 

25-12 (Ql) 

98,000 

47,500 

20,000 

40.6 

72.7 

26-12 (Q2) 

93,600 

44,000 

22,500 

49.5 

73.9 


* Bars cold drawn to the desired degree before quenching or normalizing from 
designated temperature. 


tween coarse and fine grains is small in the 18-8 alloy and quite marked in 
18-12 + Cb and 25-20 compositions. 

Short-time TenMe Properties 

The short-time tensile strength of these alloys in the range of 538 to 
982® C (1000 to 1800® F) is not greatly affected by changes in grain size. 
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The 25-20 alloy with coarse grains is superior in strength to the fine¬ 
grained sample in the temperature range of 538 to 815® C (1000 to 1500® F). 
There is also evidence that the fine-grained 25-12 alloy at 704® C (1300® F) 
is stronger than the coarse-grained. 

Values of the yield stress obtained in short time testing are more con¬ 
sistent in that the fine-grained structure in all cases has the higher value. 
The difference is less marked in the 25-12 alloy. 

Ductility of these steels is more dependent on grain size than is yield 
strength, and again finer grains are associated with greater ductility. The 
difference is quite marked in that the coarse-grained alloys have about 10 
per cent elongation and the fine-grained steels have a minimum of 30 per 
cent elongation. 

Stress Rupture 

Stress-rupture tests in the temperature range of 538 to 982° C (1000 to 
1800® F) indicate that coarse-grained steels are superior for alloys 25-20 
and 25-12. Intermediate grain size is best for 18-12 + Cb. For 18-8 alloy, 
the difference in grain size does not appear to change the stress-rupture 
characteristics appreciably. The hot ductility obtained from the stress- 
rupture tests again shows the fine grains to be superior for all the alloys. 

Creep Strength 

Based on a creep rate of 0.01 per cent per 1000 hours, the alloys with 
coarse grains have a higher creep strength than those with fine grains. 
This is especially marked in 25-20 alloy and less evident in 18-8 and 25-12 
alloys. In the case of 18-12 + Cb composition, the intermediate grain size 
4 to 6 has the higher creep strength. 

Conclusions 

The microstructure of 18-8 alloy shows carbide precipitation after pro¬ 
longed heating. The coarse-grained alloys 18-12 + Cb, 25-20, and 25-12 
also show carbide precipitation at the grain boundaries after prolonged 
heating. This condition may well account for the decreased hot ductility 
displayed by the coarse-grained alloys from the short-time tensile tests. 

The microstructures of the fine-grained steels, 18-12 + Cb, 25-20, and 
25-12 are unusual in that heating at elevated temperature causes a very 
fine precipitate to form, which etches rapidly and increases in amount 
with increasing time and temperature. This may be the sigma phase. The 
decrease in the creep strength of the fine-grained structures is probably 
i^lated to the appearance of this new phase. 

The selection of an alloy with the corresponding optimum grain size is 
thus a compromise between the requirements of good creep strength as 
against a satisfactory hot ductility^. 
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D. Austenitic Alloys for Valves and Valve Seats 

Materials for valves and valve seats in contact with hot exhaust gases 
from gas engines must have high corrosion resistance and wear resistance. 
Corrosion in the hot exhaust gas is due to lead compounds, oxygen, carbon, 
and hydrocarbons from incomplete combustion of the gas. In automotive 
valves, operating temperatures may reach 982 to 1038° C (1800 to 1900° F). 
In aircraft, valves operate at lower temperatures because of internal cooling 
of the valve with sodium. Failures in valves may occur by sticking of the 
stem from cold corrosion in the presence of moisture condensed from the 
exhaust gases. Failures also may occur from heat shock if a valve operating 
at red heat is suddenly cooled with unbumed gas. This condition may arise 
if a bus engine is used as a brake in the descent of a long hill in low geari^. 

Valve steels are for the most part medium- or high-C alloys to maintain 
high wear resistance against battering or upsetting at the valve seats and 
scuffing at the guides. Hot hardness tests are often specified, or a hardness 
may be indicated by mutual indentation of two short cylinders pressed 
together at the required temperature^^. Corrosion tests are carried out by 
weight loss measurements from immersion in molten lead compounds or 
cyclic heating in hot exhaust gas atmospheres. 

A list of alloys used in valves with their hot hardness, corrosion resistance 
and industrial applications is given in Table 4-17^ ^ 

E. Casting Alloy 25Cr-12Ni, Type HH 

Heat-resistant castings are classified as those which may be exposed to 
temperatures above 482° C (900° F) for continuous or intermittent opera¬ 
tion. They are widely used for furnace parts exposed to high temperature 
and for applications in the oil refining and synthetic rubber industries. The 
composition of Type HH alloy may vary between 24 to 28 per cent Cr 
and 11 to 14 per cent Ni with varying C content. The superiority of this 
alloy over the 18Cr-8Ni composition in regard to its surface stability, 
elevated-temperature strength, and its moderate cost, has resulted in wide 
use of this alloy to the extent that it constitutes over 30 per cent of all 
industrial heat-resistant castings^ 

The composition limits, shown in Table 4-18, are wide owing to the fact 
that there are two types of alloys best classified according to their magnetic 
permeability: Type I, permeability between 1.05 and 1.70; Type II, perme¬ 
ability below 1.05. The fully austenitic Type II alloys maintain high duc¬ 
tility at elevated temperatures. The Type I alloys have a higher limiting 
creep stress but a lower ductility due to the presence of small amounts of a 
ferrite phase. The composition limits of the two types of alloys are indicated 
in the following formula: 

Ratio factor must be less than 1.7 

Ni (%) 



Table 4-17 

Valves and Valve Seat Material 
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Table 4-18. Properties of the HH Alloys®” 


Composition Range 


c % Cr % 

Ni% Mn% 

Si% 

N % 

P or S % 

0.2(H).45 23-28 

10-14 2.5 max 

1.75 max. 

0.20 max. 

0.05 max. 

Room Temperature Mechanical Properties 




(a) As Cast 





Tensile Strength 

Psi 

Yield Point 

Psi 

Elongation Red. of 
in 2' % Area % 

C harpy 

Impact 

Ft. Lb. 

Hardness 

BHN 

70,000-95,000 

35,000-50,000 

15-35 20-40 

10-35 

160-180 

(b) After Aging 48 Hours at 760° C (1400° F) 

Charpy 

Impact 

Ft. Lb. 


Tensile Strength 

Psi 

Yield Point 

Psi 

Elongation 
in 2'% 

Hardness 

BHN 

75-100.000 

40-000-55,000 

4-25 

^15 

190-215 

Elevated Temperature Tensile Properties 




(a) Short Time Tests 





Temperature 
“C ®F. 

Tensile Strengsh 

Psi 

Average Value 

Elongation in 2* 
% , 

Average Value 


760 

1400 

35,000 

17 


871 

1600 

20,000 

22 


982 

1800 

10,000 

34 


1093 

2000 

7,000 

— 



(b) Stress Rupture Tests 


Alloy 

Type* 

Temperature 
°C T. 

Minimum 

Fracture Time 

Hours 

Limiting Rupture 
Stress 

Psi 

I 

871 

1600 

16 

5000 

II 

871 

1600 

16 

8000 

Alloy types are identified in 

A.S.T.M. Specification B190-45T. 



(c) Creep Tests 


Temperature 

Limiting Creep Stress 
for 1% Extension 

°C 

T. 

in 10,000 Hours 

760 

1400 

7000 to 3000 psi 

871 

1600 

4000 to 1700 psi 

982 

1800 

2100 to 1000 psi 


Thermal Expansion Coefficients 

UNITS—IN CHES/1NCH/“F. 

70-1300 70-1650 °F. 70-1800 ‘^F. 

9.9 X 10"® 10.1 X 10-® 10.5 X 10“® 


for maintenance of the wholly austenitic alloy Type II. For this relationship 
to hold, the minor elements present must be as shown in Table 4-18, and 
the nitrogen content must be approximately 0.09 per cent*®. 
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The heat-resistant castings are melted in both the electric furnace, acid 
or basic, and the high-frequency induction furnace. Many special tech¬ 
niques have been developed to insure the production of sound castings. 
Pouring is static or centrifugal as in the manufacture of tubing for radiant 
heating furnaces^ The 25Cr-12Ni alloy is suitable for welding by the usual 
processes applicable to the general class of austenitic compositions. 

The relative machinability of Type HH alloy compares favorably with 
that of the other austenitic alloys, with the exception that castings may 
have segregated areas of coarser carbides which are more difficult to ma- 



Fig. 4-16. Design curves of Alloy 25-12 at 650° C (1200° F). (After Manjoine) 


chine. If the alloy is used below 650° C (1200° F) for corrosion resistance 
and the surface finish calls for cleaning by blasting, sand should be used in 
the process rather than shot-peening with steel balls, as the latter may 
contaminate the surface of the casting and decrease its corrosion re- 
sistance*®. 

The microstructure of the 26Cr-12Ni alloy Type HH may consist of a 
number of constituents as austenite, ferrite, carbides, a lamellar structure 
resembling pearlite, and the Fe-Cr sigma phase. The stability of the mate¬ 
rial at elevated temperatures depends on precipitation of carbides and the 
possibility that the ferrite phase may change slowly to the brittle Fe-Cr 
sigma constituent. If the 25-12 alloy is heated to 760° C (1400° F) for 
24 hours, the partial carbide precipitation which occurs increases room- 
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temperature tensile strength and decreases ductility. As a means of con¬ 
trolling the properties of the alloy during elevated-temperature service life, 
thus eliminating tendencies toward failure due to brittleness, a requirement 
for a heat-treating test may be as follows: 

Type I: After heating at 760° C (1400° F) 24 hours, followed by slow 
cooling, the loss in ductility at room temperature shall not be greater than 
9 per cent. 

Type II: With the same heat treatment, the loss in ductility shall not 
be greater than 4 per cent (A.S.T.M. Specification B190-45T). 



In selecting the best alloy for a particular service, the temperature of 
operation is most important. For continuous operation above 871° C 
(1600° F), the question of embrittlement from either the formation of 
sigma phase or precipitation of carbide does not arise. An alloy for this 
service may be, for example, 0.35 to 0.40 per cent C, *10 to 12 per cent Ni, 
and 24 to 27 per cent Cr. For applications in the temperature range of 
650° C to 871° C (1200 to 1600° F), the recommended composition is 0.40 
per cent C, 11 to 14 per cent Ni, and 23 to 27 per cent Cr^ 

Design curves for the 25Cr-12Ni cast alloy are shown in Figs. 4-16 and 
4-17 at 650° C and 815° C (1200° F and 1500° F). At 650° C (1200° F), 
for a rupture strength of 25,000 psi, the elongation is approximately 6 per 
cent after 1000 hours^ test. For 0.2 per cent total strain after 1000 hours, 
the stress is approximately 15,000 psi. At 815° C (1500° F), for the same 
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time, the elongation at rupture is about 2 per cent and the stress for 0.2 per 
cent strain is 5000 psi^®. 
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Chapter 5 

Highly Alloyed Austenitic Steels 


The alloys discussed in Chapters 5, 6, and 7 are in many instances the 
results of investigations carried out during World War II under O.S.R.D., 
N.D.R.C., and N.A.C.A.* government sponsorship, which vigorously pur¬ 
sued the problem of finding suitable materials for operation of components 
stressed above 650° C (1200° F). The published data are considerable and 
in certain instances the discrepancies in the values obtained are wide. 
This is understandable on the basis of several difficulties, such as variation 
in composition, size of heats, and subsequent forming and heat treatment. 
Some of the tests are limited to controlled experimental conditions on 
small bar stock. In spite of these discrepancies, the designer has a wide 
range of materials, the selection of which will depend largely on the cost 
of the ingredients, especially where rupture and creep strength are reason¬ 
ably close. With peacetime use of these heat-resistant alloys, they are 
finding application in high-temperature service where the results of long¬ 
time service are now available and the economics are justified in a com¬ 
petitive market. 

The alloys considered in this chapter are the highly alloyed wrought 
stainless steels containing decreasing amounts of Fe, from approximately 
50 per cent down to 15 per cent. The metals Co, Cr, and Ni replace Fe 
and are further stabilized by small amounts of W, Mo, and Cb and pre¬ 
cipitation-hardened by such elements as A1 and Ti. 

A. Precipitation-hardened Alloys with Ti and Al 

In the previous chapter, it appeared that the austenitic alloys are made 
suitable for high-temperature service by cold-working or by hot-cold work¬ 
ing, provided that the service range of temperature is below that required 
for recrystallization in the first case and below the temperature of hot 
working in the second case. 

There is a third method of increasing resistance to deformation in highly 
alloyed stainless steels, which takes advantage of the precipitation-harden- 

* O.S.R.D. Office of Scientific Research and Development. N.A.C.A. National 
Advisory Committee for Aeronautics. N.D.R.C. National Defense Research Com¬ 
mittee. 
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ing accomplished by the addition of one or more elements in small quan¬ 
tities. The fact that the precipitated particles are fine and tend to uni¬ 
form distribution adds greatly to the uniformity in hardness and to greater 
stability under loading at high temperature. 

Several elements offer possibilities as hardening agents for the austenites. 
C will increase the hardness of an austenitic structure, but since the result¬ 
ing alloy does not respond to heat treatment, machining must be done on 
the hardened structure. C has the further disadvantage that it unites 
with Cr and tends to increase susceptibility to corrosion due to areas de¬ 
pleted in this element. Another element which gives effective precipita¬ 
tion-hardening is Be, but the temperature range at which the alloy ages 
is very low for service conditions required for many applications, such as 
gas turbines^®. 

Both Ti and A1 are widely used as precipitation agents for a large num¬ 
ber of different austenitic alloys. The increase in hardness obtained pro¬ 
vides remarkable stability in the use range of 593 to 760°C (1100 to 1400° 
F). In general with these alloys of Cr-Ni-Fe, the C content is maintained 
at 0.05 per cent, as this element readily combines with Ti and prevents 
effective hardening. 

Three alloys in this class are '‘Discaloy,’' ‘"Refractaloy” 26, and K42B*, 
with Fe contents varying from approximately 55 to 14 per cent. These 
alloys are forgeable at an upper temperature range of 1204° C (2200° F). 
Billet forging is started at 1065° C (1950° F) for “Discaloy,’' and 1150° C 
(2100° F) for K42B and “Refractaloy’^ 26. These materials are resistant 
to scaling in this temperature range and require no protective atmosphere 
in heating for forging. Their forming properties are good, since the C 
content is low and die wear is not excessive. However, close control of 
temperatures and reductions is necessary. 

The alloys are solution-treated to a Brinell of 140 to 180 for machining. 
For rough machining, feeds and speeds similar to those used for stainless 
steels are satisfactory. Finish machining is carried out with high-speed 
tools after the alloys have been aged. 

Welding of all three compositions is accomplished with austenitic rods 
and procedures used for stainless steels. A solution treatment for the 
whole structure after welding is recommended^®. 

L “Discaloy’^ 

This alloy is in reality a stainless steel with about 55 per cent Fe, but it 
is included in this section because of the addition of A1 and Ti as pre¬ 
cipitation-hardening agents. The elevated-temperature properties are 
given in Table 5-1. 


♦ Westinghouse Electric Mfg. Corp. 
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II. Alloys K42B and “Refractaloy^’ 26 

Two other alloys, K42B and ^‘Refractaloy’’ 26, are precipitation-hard¬ 
ened with A1 and Ti. The Fe content is decreased to 14 and 18 per cent. 


Table 5-1. Elevated-temperature Properties of “Discaloy.”^* 
Chemical Composition 

NR No C Mil Si Cr Ni Fe Mo A1 Ti 

78 .05 .7 .7 13 25 55 3 .2 1.8 


Heat Treatment 

The solution treatment for “Discaloy’^ is 1065° C (1950° F) for a period of 1 hour. 
The rate of cooling is not critical but in general oil-quenching is recommended^® 
Aging at 732° C (1350° F) for 20 hours gives a hardness of 320 Vickers DPH (approxi¬ 
mately Rockwell C 30) which is maximum for this alloy. 


Density versus Heat Treatment 

The density of “Discaloy’* is highest in the heat-treated and aged condition as 
follows^®: 


Creep Strength 


Condition 
Hot-rolled 
Solution-treated 
Solution-treated and aged 


Density gms/cm* 

7.969 

7.960 

7.989 


Temp 

(X) (T) 

Specified 

Life (hrs) 

Creep Strength (psi) 
for total strain of 

0.5% 1.0% 

Rupture 

Strength 

(psi) 

Elong 
% in 2' 

650 

1200 

100 

39,200 

42,500 

• 52,000 

6.0 

650 

1200 

1000 

35,200 

36,000 

38,200 

5.5 


The tests for creep and stress rupture represent specimens from a forged disk. The 
heat treatment consists of a solution treatment at 1065° C (1950° F) for 1 hour and 
aging at 732° C (1350° F) for 20 hours. 


Design Curves 

Fig. 5-1 shows the design curves for “Discaloy” at 650° C (1200° F) which is the 
maximum range recommended for the use of this alloy^®. 


Thermal Expansion 


Temp (°F) 

Mean Coefficient 
of Linear Expansion 
(In/In/"F X 10-6) 

70-200 

8.5 

70-400 

8.7 

70-600 

9.1 

70-800 

9.4 

70-1000 

9.5 


respectively, and Co substituted in amounts of 20 and 22 per cent. Their 
nominal compositions are given in Table 5-2^^. 

These alloys are heat-treated by solution-treating at 1065° C (1950° F) 
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and aging can be at 732° C (1350° F) for 20 hours or at a somewhat higher 
temperature. In Fig. 5-2 is shown the effect of aging the alloy K42B 
at 732 to 815° C (1350 to 1500° F) for varying periods of time^^ As in all 



Fig. 5-1. Design curves for“Discaloy^’ at 650® C (1200® F). Specimens cut from a 
forged rotor. Heat treatment: solution treatment 1065® C (1950® F) 1 hr., furnace 
cooled, aged 732® C (1350® F) 20 hrs. (After Scott and Gordon) 

Table 5-2. Nominal Compositions of Titanium Hardened Alloys 


Element 

K42B 

"Refractaloy" 

Ni 

42 

37 

Co 

22 

20 

Cr 

18 

18 

Mn 

0.7 

0.7 

Si 

0.7 

0.7 

A1 

0.2 

0.2 

Fe 

14 

18 

Mo 

— 

3 

Ti 

2.2 

2.8 

C 

0.05 

0.05 


Effect of Heat Treatment on Density of KJ^B 

Condition K42B 

Hot-rolled 8.180 

Solution-treated 8.140 

Solution-treated and aged 8.230 

aging phenomena, the hardness rises rapidly and then falls off with time. 

The maximum hardness obtained is almost 320 Vickers DPH (about Rock¬ 
well C30). A conversion table of hardness values qn the Vickers Stnd Rock¬ 
well scales is given in Chapter 2, 
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Overaging these alloys by a fluctuation in temperature is shown by the 
fact that a variation of ± 50° F changes the Vickers mimher by =F 15 



AGING TIME * LOG (HRS * I O) 

Fig. 5-2. Aging curves for a typical heat of K42B. (After Scott and Gordon) 


Table 5-3. Rupture Strength and Creep Strength 
OF Alloys K42B and '‘Repractaloy’^ 26‘®. 


Test Temp 
Alloy (“O (»F) 

Specified 
Life (hrs) 

Rupture 
Strength 
(1000 psi) 

Elong 
% in 2' 

Creep Strength 

1000 psi for 
total strain of 
0.2% 0.5% 1.0% 

K42B 650 

1200 

100 

66.0 

1.0 

36.8 

60.0 

— 

650 

1200 

1000 

40.8 

0.7 

32.8 

— 

— 

732 

1350 

100 

37.0 

0.8 

31.0 

— 


732 

1350 

1000 

26.8 

0.8 

21.2 

— 

— 

815 

1500 

100 

17.2 

6.0 

11.0 

15.0 

— 

815 

1500 

1000 

10.5 

2.5 

6.0 

8.0 

— 

“Refractaloy” 26 650 

1200 

100 

73.5 

1.5 

__ 

— 

69.5 

732 

1350 

100 

51.0 

2.5 

44.0 

47.5 

49.0 

815 

1500 

100 

29.5 

19.0 

20.0 

24.3 

25.0 

*815 

1500 

100 

28.7 

20.0 

21.7 

23.2 

24.6 

*815 

1500 

1000 

18.1 

17.0 

15.1 

15.5 

16.1 


Note: K42B tested as rolled bar, Refractaloy 26 tested as rolled bar with excep¬ 
tion of samples marked * which are forged bars. 

Heat treatment of K42B 1065° C (1950° F), 1 hr, oil-quenched; 

732° C (1350° F), 20 hrs. 

“Refractaloy” 26 1150° C (2100° F), 1 hr, oil-quenched; 

815° C (1500° F), 20 hrs; 

732° C (1350° F), 20 hrs. 

points. Temperature fluctuations under service conditions can be ex¬ 
pected to have similar effects. 
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Fig. 5-3. Design curves for K42B at 732° C (1350° F). Specimens machined from 
hot rolled bar stock. Heat treatment: solution treatment 1065° C (1950° F) 1 hr.J 
oil quenched, aged 732° C (1350° F) 20 hrs. (After Scott and Gordon) 



Fig. 6-4. Design curves for K42B at 816° C (1500° F). Specimens machined from 
hot rolled bar stock. Heat treatment: solution treatment 1065° C (1950° F) 1 hr. 
oil quenched, aged 732° C (1350° F) 20 hrs. (After Scott and Gordon) 
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It is also true that if these alloys are solution-treated at 1065°C (1950° F) 
and aged for 20 hours at 732° F (1350° F), they lose some hardness on being 
heated to 815° C to 871° C (1500° F to 1600° F). However, they will 
return close to the originally aged hardness value if they are heated again 
to 732° C (1350° F). This cycle can be repeated a second time with only 
small hardness variations. 

On the other hand, slight changes in chemical composition or manufac¬ 
turing procedure can change the final aging properties of these alloys. 



Fig. 5-5. Design curves for “Refractaloy 26" at 650° C (1200° F). Specimens 
machined from hot rolled bar stock. Heat treatment: solution treatment 1150° C 
(2100° F) 1 hr., oil quenched, aged 815° C (1500° F) 20 hrs., aged 732° C (1350° F) 20 
hrs. (After Scott and Gordon) 

If the maximum hardness has not been reached, the imposed stresses in 
service may cause failure of the part. 

The effect of heat treatment on the density of alloy K42B is shown in 
Table 5-2^®. 

Rupttire Strength and Creep Strength 

Values of the rupture strength and creep strength of alloys K42B and 
'‘Refractaloy’’ 26 from 650 to 815° C (1200 to 1500° F) are given in Table 
5-3. Both materials are representative of quenched and aged heat treat¬ 
ments. The heat treatment for alloy K42B consists of solution-treating 
at 1065° C (1950° F) and tempering at 732° C (1350° F). The heat treat 
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Fig. 6-6. Design curves for “Refractaloy 26” at 732® C (1350° F). Specimens 
machined from hot rolled bar stock. Heat treatment : solution treatment 1150° C 
(2100° F) 1 hr., oil quenched, aged 815° C (1500° F) 20 hrs., aged 732° C (1350° F) 20 
hrs. (After Scott and Gordon) 
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Fig. 6-7. Design curves for “Refractaloy 26” at 815°^ C (1500° F). Specimens ma¬ 
chined from hot rolled bar stock. Heat treatment: solution treatment 1160° C 
(2100° F) 1 hr., oil quenched, aged 816° C (1600° F) 20 hrs., aged 732° C (1360° F) 20 
hrs. (After Scott and Gordon) 
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ment for “Refractaloy’' 26 consists of solution-treating at 1150° C (2100° 
F), tempering at 815° C (1500° F) and tempering again at 732° C (1350° 
F). On the basis of rupture and creep tests, ^^Refractaloy’’ 26 has higher 
strength and greater ductility. 

Design Curves 

The design curves of K42B at 650° C (1200° F) in Fig. 2-19, (Chapter 2) 
and in Figs. 5-3 and 5-4 at 732 and 815° C (1350 and 1500° F) respectively 
in this chapter represent the same heat treatment as given in Table 5-3. 


0.0001 


oooi 


CREEP RATE—X/HR. 


0.01 


ai 



Fig. 5-8. Design curves for “Hefractaloy 26" at 815° C (1500° F). Specimens 
machined from forged bar stock. Heat treatment: solution treatment 1150° C 
(2100° F) 1 hr., oil quenched, aged 815° C (1500° F) 20 hrs., aged 732° C (1350° F) 20 
hrs. (After 8cott and Gordon) 


This alloy is satisfactory for service in the range of 732° C (1350° F) even 
though its ductility is less than 1 per cent. 

The design curves of ‘‘Refractaloy^^ 20 in Figs. 5-5 to 5-7 from 650 to 
815° C (1200 to 1500° F) respectively represent tests on specimens ma¬ 
chined from hot-rolled stock. In Fig. 5-8, a design curve is given for 
“Refractaloy’’ 26 representative of specimens machined from forged bar 
stock. The heat treatment for both lots is the same as given in Table 5-3, 
namely, quenching in oil from 1150° C (2100° F), aging 20 hours at 815° C 
(1500° F), and finally aging 20 hrs at 732° C (1350° F). This alloy holds 
its strength well at 815° C (1500° F), but for long periods of service an 
upper limit of 760° C (1400° F) is recommended®. 
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Fatigue Strength 

For maximum creep strength at 815° C (1500° F), ^‘Refractaloy” 26 
is solution-treated for 1 hour at 1065° C (1950° F), aged 20 hours at 815° 
C (1500° F), and then aged 20 hours at 732° F (1350° F). At 650° C 
(1200° F), the fatigue strength of the alloy with such a heat treatment is 
52,000 psi for 100 million cycles of reversed bending. 

For hot-rolled stock, an endurance limit of 80,000 psi is obtained for 
“Refractaloy” 26 at 650° C (1200° F). Tests on turbine blades machined 
from hot-rolled stock give the same fatigue strength, but blades made by 
forging have a lower fatigue limit^®. 

Table 5-4. Thermal Expansion of Fully Heat-treated Alloy K42B.i« 


Temp (®F) 

Mean Coeflficient 
of Linear Expansion 
(In/In/T X 10-^) 

70-200 

6.9 

70-400 

7.4 

70-600 

7.8 

70-800 

8.1 

70-1000 

8.3 

70-1200 

8.5 


Table 5-5. Thermal Expansion of Fully Heat-treated 
Alloy “Rebractaloy’’ 26.^® 


Temp ("T) 

Mean Coefficient 
of Linear Expansion 
(In/In/°F X 10-®) 

70-200 

7.8 

70-400 

7.9 

70-600 

8.0 

70-800 

8.1 

70-1000 

8.2 


Thermal Expansion with Temperature 

Tables 5-4 and 5-5 show the change of coefficient of thermal expansion 
with temperature^®. 

B. Alloy S-495* 

This alloy contains Cr and Ni with small percentages of Mo, Cb, and W, 
and an Fe content of approximately 53 per cent. The composition in 
Table 5-6 is representative of the material on which the elevated-tempera¬ 
ture tests are made. With only 15 per cent Cr, this composition cannot 
withstand temperatures of 815° 


* Allegheny Ludlum Steel Corp. 
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C. Alloy ATV-3* 

This alloy contains Cr, Ni, a small percentage of W and about 50 per 


Table 6-6. Elevated-temperature Properties op S-495 Alloy, Foroed. 
Chemical Composition 


NDRC 

c 

Mn 

Si Cr 

Ni 

Mo Cb 

Fe 

W 

8 & 34 

.5 

.7 

.9 15 

20 

4 4 

53 

4 

Short-time Tensile Properties : Finish-forged at 1400° F 




Temp 

CO (“F) 


Tensile 

Strength 

(psi) 

Yield 

Strength 

0.2% offset 

Elong 
% in 2" 

Reduction 
of Area 
(%) 

Room 

Room 


147,750 

136,000 

6.0 


21.7 

650 

1200 


87,625 

72,200 

24.0 


34.3 

Stress to Rupture and Elongation Values 





Treatment 

Temp 

CO CO 


10 hrs 

Stress % Elong 

(psi) in 2'^ 

100 hrs 

Stress % Elong 

(psi) in 1 " 

1000 hrs 

Stress % Elong 
(psi) in 2'* 

(1) 

650 1200 


47,000 25 

35,000 

18 

26,000 

6 

(2) 

732 1350 


33,000* 28 

28,000* 

20 

24,000= 

It _ 

(3) 

815 1500 


24,000 30 

18,300 

27 

14,200 

21 


Treatment (1) Forged 1204° C (2200° F), air-cooled; finish-forged 760°C (1400° F). 

(2) 1232° C (2250° F), 2 hrs, water-quenched; 760° C (1400° F), 50 hrs. 

(3) 1232-1315° C (2250-2400° F), 2 hrs, water-quenched; 760-815° C (1400- 
1500° F), 16-50 hrs. 

* Estimated. 


Creep Data 


Temp 

Stress for Minimum Creep Rates, 
% per hr, of 

CO 

CO 

O.OOl 

0.0001 

0.00001 

732 

13,50 

22,400 

16,100 

11,700 

815 

1500 

12,900 

10,400 

8300 

871 

1600 

7900 

5300 

3500 


Thermal Expansion 


Temp (“F) 

70-600 

70-800 

70-1000 

70-1200 

70-1500 


Mean Coefficient 
of Linear Expansion 
(In/In/^F X 10-«) 

8.94 

9.0 

9.11 

9.29 

9.46 


cent Fe. Its composition and elevated-temperature properties are given 
in Table 


♦ Midvale Steel Co. 
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D. Alloy N-155*, (‘‘MuLTiMET’Ot 

This series of alloys, known as the N-155 or '‘Multimet” alloys, contains 
essentially 20 Cr, 20 Ni, and 20 Co, with small additions of other elements 

Table 5-7. Elevated-temperature Properties of ATV-3 Alloy, Forged. 


Chemical Composition 
NDRC C 

Mn 

Si Cr 

Ni 

W 

Fe 

51 & 67 0.4 

1.4 

1.2 15 

27.4 

4 Bal (50) 

Density (gm/cm*): 8.062 

Short-time Tensile Tests 

Temp 

Tensile 

Strengtli 

(psi) 

Yield 

Strength 

Elong 

Reduction 
of Area 

Material ("C) 

(*F) 

0.1% offset 

% in 2-^ 

(%) 

ATV-3 Room 

Room 

121,700 

84,000 

21.5 

36.5 

As rolled 650 

1200 

75,200 

46,000 

25.0 

32.2 

732 

1350 

60,000 

30,750 

28.0 

39.4 

815 

1500 

42,600 

15,100 

31.0 

38.5 

926 

1700 

24,100 

— 

38.5 

43 


Stress to Rupture and Elongation Values 

ATV-3 Alloy 1232® C (2250® F), 30 mins, air-cooled; 815® C (1500® F), 50 hrs. 


Temp 

PC) PF) 

10 hrs 

Stress % Elong 

(psi) in 2*^ 

100 hrs 

Stress % Elong 
(psi) in 2 ’' 

1000 hrs 
Stress 
(psi) 

732 

1350 

29,000 

7 

18,000 

3 

11,300 

815 

1500 

16,800 

7 

10,500 

5.5 

6600 


Table 5-8. Physical Properties of “Multimet’’ (N-155) Alloy. 

Chemical Composition {Nominal) 

Trade Common NDRC 


Mark 

Name 

No. 

C 

Cr 

Ni 

Mo 

Cb 

W 

Co 

N 

“Mul timet” 
(Low-C) 
‘‘Mul timet” 

N155 

NR21 

0.12-0.2 

19-23 

19-23 

2.5-4 

0.75-1.5 

1.5-3.5 

19-23 

0.08-0.2 



0.3 -0.5 

19-23 

19-23 

2.5-4 

0.75-1.5 

1.5-3.5 

19-23 

0.08-0.2 


Material 

‘‘Multimet” (Wrought) 
Age-hardening Properties of MultimeP* 

Aged 

Material As cast Temp (®F) 

‘‘Multimet’^ 61 1500 

Low-C 

Wrought 

“Multimet*» 61 1500 

Med-C 

Wrought 

These alloys are aged after being cast. 


Density gms/cm’ 
8.20 

Rockwell A Hardness - 



Aged 



Hours 



As cast 

Temp (®F) 

1 

2 

5 

24 

50 

100 

61 

1500 

62 

62.5 

62 

61.5 

62 

62 

61 

1500 

65 

65 

64.5 

64 

63.5 

63 


and a base of Fe of about 34 per cent. This is an important series which 
has received much attention in government-sponsored investigations and 

* Universal Cyclops Steel Corp. 
t Union Carbide and Carbon Co. 
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forms the basis of many Ni-Cr-Co-Fe alloys described in Chapter 8. The 
alloy is forged in both the low-C and medium-C grades. It finds use in 
sheet form in tail cones and other high-temperature applications. It has 
the advantage of being cheaper than certain of the alloys considered in 


Table 5-9. Shobt-time Tensile Properties of“Multimet” (Medium-C). 




Tensile 

Yield 

Elong 

Reduction 

Modulus of 

Temp 

Strength 

Strength 0.2% 

% in 

of Area 

Elasticity 

(°C) 

TF) 

(psi) 

offset (psi) 

2 in 

(%) 

X 10« 

Room 

Room 

82,100 

53,600 

10.0 

10.9 

24 



85,000 

56,200 

11.0 

15.9 

— 



82,400 

55,400 

12.0 

14.3 

— 



85,500 

55,400 

14.0 

14.3 

— 

510 

950 

70,000 

__ 

20.0 

18.0 

— 



71,200 

~ 

19.0 

18.8 

— 



66,700 


19.0 

15.9 

— 



68,400 

— 

16.0 

15.9 

— 

621 

1150 

63,100 

— 

17.0 

21.0 

— 



63,100 

— 

18.0 

20.2 

— 



64,000 

— 

12.0 

21.0 

— 



64,100 

— 

17.0 

22.5 

__ 

745 

1375 

56,500 

— 

11.0 

14.3 

— 



55,600 

— 

16.0 

13.7 

— 



57,400 

— 

15.0 

15.9 

— 



55,400 


14.0 

16.6 

— 

815 

15(X) 

47,700 

__ 

24.0 

39.4 

— 



45,600 

— 

25.0 

39.4 

— 


Tabi.e 5-10, Stress-Rupture Data of “Multi.met” Alloys. 


Material 

Temp 

(T) (»F) 

^-Stress (psi) for Rupture 

10 hrs 100 hrs 500 hrs 

in- 

1000 hrs 

Multimet'^ 

Regular 

815 

1500 

28,000 

21,500 

17,500 

16,500 

Low-C 

815 

1500 

23,500 

18,800 

15,000 

— 

Modified (Med C) 

815 

1500 

27,500 

20,500 

16,800 

14,300 

Modified (Low-C) 

815 

1500 

26,000 

19,000 

15,000 

13,000 

Hot-worked & Aged (Low-C) 

815 

1500 

— 

20,000 

14,500 

12,500 

Hot-worked & Aged (Med-C) 

815 

1500 

29,000 

22,000 

18,000 

16,500 

Low-C Solution Heat-treated 

926 

1700 

12,500 

7600 

5600 

4800 

Low-C Solution Heat-treated 

982 

1800 

8700 

4900 

3300 

2800 

Hot-rolled Low-C 

926 

1700 

10,000 

5100 

3200 

2500 


Chapter G. Some typical compositions with their trade marks are shown 
in Table 5-8‘«. 

From the short-time tensile tests in Table 5-9, the medium-C grade 
maintains a strength of 45,600 psi at 815° C. The stress-rupture values at 
815° C for 1000 hours range from 12,500 to 16,500 psi, as shown in Table 
5-10. The hot fatigue strength at 815° C varies from 28,000 to 33,000 
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psi, as shown in Table 5-11. Other high-temperature properties are given 
in Table 5-12. 

E. Alloy S-497 Forged* 

This alloy, with 15 per cent Cr as shown in Table 5-13, is not suffi¬ 
ciently oxidation-resistant to withstand temperatures of 815° 


Table 5-12. Elevated-temperature Properties of “Multimet.’* 


Endurance Properties 


Specimens stressed in alternate bending at a frequency of 120 cycles per second. 


Material 

“Multimet” 

(Low-C) 

“Mul timet” 
(Med-C) 


Temp --Heat Treatment- n 

(“C) Cf) Solution Aging 

650 1200 None 50 hrs, 650° C 


815 1500 None 50 hrs, 815° C 

815 1500 1204° C, water 50 hrs, 815° C 

quench 


Endurance 
Strength psi 
At cycles 
10* 2.5 X 10* 

66,000 — 

33,000 32,000 
29,000 28,000 


Thermal Expansion 


Material 

Temp (®F) 

Mean Coefficient of 
Linear Expansion 
(In/In/°F X 10-*) 

“Mul timet” 

70-600 

8.70 

Low-C 

70-800 

8.89 

Wrought 

70-1000 

9.10 


70-1200 

9.40 


70-1500 

9.77 


70-1600 

9.90 

”Mul timet” 

70-600 

7.96 

Med-C 

70-800 

8.30 

Cast 

70-1000 

8.46 


70-1200 

8.58 


70-1500 

9.01 


F. S-590 Forged*^ 

This alloy is a modification of the composition N-155 with 20 Cr, 20 Ni, 
and 20 Co, and contains in addition 4 Mo, 4 W, and 4 Cb with about 26 
per cent Fe. Its elevated temperature properties are given in Table 5-14. 

G. ‘‘Refractaloy” 70 

When temperatures for service are required above 815° C, alloys which 
have been precipitation-hardened by Ti are no longer stable. For this 
service, the refractory metals W and Mo have been alloyed with Co-Ni- 


Allegheny Ludlum Steel Co. 
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Table 5-13. Elevated-temperature Properties of Alloy S-497, Forged. 
Chemical Composition 


NDRC C Mn 

Si 

Cr 

Ni Co 

Mo 

W 

Cb 

Fe 

46 & 2 0.4 0.5 

0.6 

15 

20 20 

4 

4 

4 

Bal (32) 

Density (gm/cm*): 8.570 








Short-time Tensile Properti 

es: Finish-forged 760° C 





Temp 

CC) CF) 

Tensile 

Strength 

(psi) 


Yield 
Strength 
0.2% offset 


Eiong 
% in 2^ 


Reduc¬ 
tion of 
Area (%) 

Room Room 

154,750 


138,500 


10.5 


25.5 

650 1200 

103,625 


89,800 


22 


25.9 


Stress to Rupture and Elongation Values 

10 hrs 100 hrs 1000 hrs 


Treat¬ 

ment 

“O 

(F-) 

Eiong 

Stress psi % in 2'^ 

Stress psi 

Eiong 
% in I'' 

Eiong 

Stress psi % in 2* 

(1) 

650 

1200 

61,000 17 

45,000 

9 

33,000 4 

(2) 

732 

1350 

37,500 23 

29,000 

26 

23,000 — 

(3) 

815 

1500 

22,500 28 

18,000 

19 

14,300 12 

(4) 

871 

1600 

14,800 23 

11,500 

15 

9000 1 


Treatment (1) Forged 1204° C (2200° F); finish-forged 760° C or 1093° C (1400° F or 
2000° F), 1 hr, water-quenched; 704° C (1300° F), 16 hrs. 

(2) 1204 to 1232° C (2200 to 2250° F), 12 hrs, water-quenched; 815° C 
(1500° F), 4 to 50 hrs. 

(3) 1204 to 1232° C (2200 to 2250° F), 12 hrs, water-quenched; 815° C 
(1500° F), 4 to 50 hrs. 

(4) 1232° C (2250° F), 2 hrs, water-quenched; 871° C (1600° F), 50 hrs. 

Creep Data 


Stress psi for Minimum Creep Rates, 
Temp % per hr., of 

(*v\ n nni n fwii n onnnt 


(T) 

CF) 

0.001 

0.0001 

0.00001 

732 

1350 

19,700 

15,800 

12,800 

815 

1500 

12,400 

10,000 

8100 

871 

1600 

7800 

6200 

5000 


Thermal Expansion 


Temp CF) 

Mean Coefficient of 
Linear Expansion 
(In/In/'F X 10-«) 

70-600 

7.92 

70-800 

8.08' 

70-1000 

8.26 

70-1200 

8.50 

70-1500 

8.80 


Cr-Fe to produce precipitation-hardened structures which offer remarkable 
stability at this high temperature level. Such an alloy is “Refractaloy” 
70* with the composition given in Table 5-15. It contains 30 per cent 

* Westinghouse Electric Mfg. Corp. 



Table 5-14. I^fldPERTiEs op S-590 Alloy. 
Chemical Composition 


NDRC 

C 

Mn Si 

Cr 

Ni 

Co Mo 

W 

Cb 

Fe 

74 

0.5 

0.9 0.6 

20 

20 

20 4 

4 

4 

Bal (26) 

Density (gm/cm®); 

8.313 







Short-time Tensile Tests 







Treat¬ 

ment 

Temp 

(“O (-F) 

Tensile 

Strength 

(psi) 


Yield 

Strength 

0.2% offset 

Elong 
% in 2-^ 


Reduc¬ 
tion of 

Area (%) 

(1) 

Room 

Room 

160,500 


89,500 

10 


10.5 

(2) 

650 

1200 

81,600 


49,000=^ 

27 


31 

(3) 

732 

1350 

66,875 


58,500 

27 


33 


Troiitment (1) 1243° C (2270° F), 1 hr, waler-quenchcd; 760° C (1400° F), 16 hrs. 

(2) 1260° C (2300° F), 1 hr, water-quenched; 760° C (1400° F), 16 hrs, air¬ 
cooled. 

(3) 1243° C (2270° F), 1 hr, water-quenched; 760° C (1400° F), 16 hrs. 

* 0.02% offset. 

Stress to Rupture and Elongation Values 


Stress to Rupture and Elongation 
10 hrs 100 hrs 1000 hrs 


Treat 

Temp 


Elong 


Elong 


Elong 

ment 

("C) 

(“F) 

Stress psi 

% in 2'* 

Stress psi 

% in 2^ 

Stress psi 

%in 2' 

(1) 

650 

1200 

69,000* 

33 

52,000 

35 

40,000 

37 

(2) 

732 

1350 

42,000 

28 

31,500 

24 

23,500 

19 

(3) 

815 

1500 

25,500 

16-20 

20,000 

16-20 

15,500 

8-12 

(4) 

871 

1600 

19,000 

40-48 

14,000 

28 

10,500 

20-21 

(6) 

926 

1700 

13,000 

60 

9200 

32 

6500 

13 

(6) 

982 

P^stimated 

1800 

9000 

56 

5500 

28 

3400 

— 


Treatment (1) 1273° C (2325° F), 1 hr, water-quenched; 760° C (1400° F), 16 hrs, air- 
cooled. 

(2) 1260° C (2300° F), 1 hr, water-quenched; 760° C (1400° F), 10 hrs, air¬ 
cooled . 

(3) 1232° 01273° C (2250-2325° F), 1-2 hrs, water-quenched; 815° C 
(1500° F), 16-50 hrs, air-cooled. 

(4) 1260° C (2300° F), 1 hr, water-quenched; 871° C (1600° F), 16 hrs, air¬ 
cooled. 

(5) 1243° C (2270° F), 1 hr, water-quenched; 926° C (1700° F), 16 hrs. 

(6) 1243° C (2270° F), 1 hr, water-quenched; 982° C (1800° F), 16 hrs. 


Creep Data 


Stress psi for Minimum Creep Rates, 


Temp 

(«C) (-F) 

0.001 

% per Hr 
0.0001 

0.00001 

732 

1350 

— 

19,000 

14,300 

815 

1500 

12,700 

9600 

7300 


Thermal Expaneion 


Temp CF) 
70-600 
70-800 
70-1000 
70-1200 
70-1600 
70-1600 


Mean Coefficient 
of Linear Expansion 
(In/In/“F X 10-^) 

8.47 

8.43 

8.54 

8.61 

8.97 

9.20 
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Co, 20 per cent Ni, 20 per cent Cr, 15 per cent Fe, and smaller percentages 
of Mo and W to act as precipitation-hardening agents. 

‘'Refractaloy’^ 70 is billet-forged from 1175° C. Die wear is more severe 
for this alloy than for those which have been precipitation-hardened by 


Table 5-15. Elevated-temperature Properties of ‘‘Refractaloy” 70.^® 
Chemical Composition {Nominaiy^ 

C Mn Si Cr Ni Co Mo W Fe 

0.05 2 0.2 20 20 30 8 4 15 

Effect of Heat Treatment on Density 

Condition 
Hot-rolled 
Solution-treated 
Solution-treated and aged 

Creep Strength (Condition: Forged Bar) 


Creep Strength 


Test 

Temp 

rC) (T) 

Specified 

Life (hrs) 

1000 psi 

for total strain of 

0.2% 0.5% L0% 

Rupture 

Strength 

(ipoo psi) 

Elong 
% in 2^ 

650 

1200 

100 

23 

31.3 

37.3 

55.5 

25 

650 

1200 

1000 

— 

20 

28.8 

42 

8 

732 

1350 

100 

16 

19 

22.1 

33.4 

23 

732 

1350 

1000 

— 

— 

17 

23.8 

28 

815 

1500 

100 

13 

14.9 

16 

18.7 

27 

815 

1500 

1000 

12 

13.5 

14.8 

15 

12 

870 

1600 

100 

9.8 

— 

10.9 

11.6 

15 

870 

1600 

1000 

9 

— 

9.6 

10 

6 


Heat treatment “Refractaloy” 70: Heated to 1288° C 4 hrs, oil-quenched; heated to 
815° C for 240 hrs. 

Thermal Expansion of Fnlly Heat-treated Alloy 


Temp (T) 

Mean Coefficient of 
Linear Expansion 
(In/In/°F X 10-«) 

70-200 

7.2 

70-400 

7.6 

70-600 

7.8 

70-800 

8.1 

70-1000 

8.3 * 

70-1200 

8.4 

70-1500 

8.9 

70-1600 

9.1 


Density gm/cc 
8.618 
8.611 
8.626 


Ti, as hardness is maintained fairly well at forging temperatures. Re¬ 
heatings must be frequent and reductions in the die are small. 

As would be expected this alloy is difficult to machine, as it work- 
hardens appreciably when solution-treated to 200 Brinell. A positive feed 



HIGHLY ALLOYED AUSTENITIC STEELS 


203 



Fig. 5-9. Design curves for ‘‘Ucfractaloy 70” at 650°C (1200° F). Specimens 

machined from forged bar stock. Heat treatment: solution treatment 1288° C 
(2350° F) 4 hrs., oil quenched, aged 815° C (1500° F) 240 hrs. (After Scott and 
Gordon) 


CREEP RATE-%/HR 

0.00001 0.0001 0.001 0.01 ai i.o 



Fig. 5-10. Design curves for “Refractaloy 70” at 732° C (1350° F). Specimens 
machined from forged bar stock. Heat treatment: solution treatment 1288° C 
(2350° F) 4 hrs., oil quenched, aged 815° C (1500° F) 240 hrs. (After Scott and 
Gordon) 





204 


METALS AT HIGH TEMPERATURES 



Fig. 5-11. Design curves for “Refractaloy 70” at 815° C (1500° F). Specimens 
machined from forged bar stock. Heat treatment: solution treatment 1288® C 
(2350° F) 4 hrs., oil quenched, aged 815° C (1500° F) 240 hrs. (After Scott and 
Gordon) 



Fig. 5-12. Design curves for “Refractaloy 70” at 871° C (1600° F). Specimens 
machined from forged bar stock. Heat treatment: solution treatment 1288° C 
(2350° F) 4 hrs., oil quenched, aged 815° C (1500° F) 240 hrs. (After Scott and 
Gordon) 
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is recommended. The aged material can be machined with high-speed 
steel or W carbide tools. 

“Refractaloy” 70 has remarkably stable properties at high tempera¬ 
tures as shown by the required heat treatment of 1288° C (2350° F) for 4 
hrs for solution treatment and aging for 240 hrs at 815° C (1500'' F). 
This procedure gives the maximum hardness obtainable, which is 325 
Vickers (DPH). 

Above a service temperature of 815° C, the alloy undergoes some struc¬ 
tural changes which are slow up to 925° The elevated-temperature 

properties of ‘‘Refractaloy’’ 70 are shown in Table 5-15. Design curves 
for this alloy at several temperatures are given in Figs. 5-9 to 5-11 inclusive. 

Summary 

The alloys discussed in this chapter are all utilized as wrought materials, 
with the exception of the higher-C ‘‘Multimet,^’ which is used in the cast 
condition. ‘‘Discaloy’^ is hot-rolled, alloy K42B is either hot-rolled or 
forged, and the other alloys are usually forged. All the alloys listed 
have optimum high-temperature properties after fairly long aging periods 
at temperatures of at least 732° C (1350° F). 

^‘Discaloy’^ is suitable for use at 650° C (1200° F) and the other alloys 
at 732° C (1350° F) and higher. ^Tlefractaloy” 26 shows the best rupture 
strength in periods up to 500 hrs at 815° C (1500° F)^. For 1000 hours, 
these alloys show rupture strengths of 15,000 to 18,500 psi. Alloys S-590 
and N-155 have good creep strength at 732° C (1350° F); ‘"Refractaloy” 
26 has the lowest creep rate, or 0.00001 per cent per 1000 hours at 15,000 
psi for the group. In general, these forged alloys are all superior in creep 
resistance at 732° C (1350° F) to the cast alloys discussed in the following 
chapter^. 
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Chapter 6 
Cobalt-base Alloys 


Alloys high in Co have excellent wear resistance and are oxidation- and 
corrosion-resistant under extreme conditions encountered in highly corro¬ 
sive media and elevated-temperature applications. These properties 
make them suitable in such diverse situations as valves operating at high 
temperature, in sheet form for searchlight reflectors, and in castings for the 
dental trades. During the early days of World War II, the development 
of the turbosupercharger depended on finding metals or alloys maintaining 
adequate strength at temperatures of 732"^ C (1350*^ F) and above. Atten¬ 
tion was soon directed to the Co-base alloys, and their superior perform¬ 
ance as gas turbine blades is one of the remarkable developments of the 
war. 

Since forging capacity was low due to war activity, the precision casting 
process developed by the dental and jewelry trades offered an alternative 
method of manufacturing. The Co-base alloys in the cast form show re¬ 
markable strength at high temperature and are today foremost in the 
commercial alloys developed for gas turbine service. The precision cast¬ 
ing process for their manufacture is described in Chapter 9. 

The Co-base alloys considered in this chapter contain 30 to 65 per cent 
Co with Fe occurring as an impurity of not more than about 3 per cent. 
Cr is an essential ingredient and is present to the extent of 25 to 30 per 
cent. Ni is present as a minimum of 1.5 per cent or in amounts of 20 
per cent to equal the amount of Cr. Additions of Mo, W, and Cb from 3 
to 12 per cent add greatly to high-temperature stability. 

While a vast amount of research has been carried out on the Co-base 
alloys, this chapter is restricted to the compositions which are commer¬ 
cially available. Classification of the Co-base alloys is open to several 
methods. Here they are considered on the basis of their alloy content as 
Co-Cr-Mo, Co-Cr-W, Co-Cr-Ni-Mo, Co-Cr-Ni-W. Further modification 
of the alloy content is the addition of small amounts of Cb to one of the 
alloys. 

The Co-base alloys are obtainable in the form of bar or sheet stock, as 
forgings or as castings. They are all extremely sensitive to cold-work 
and thereby harden rapidly. In foiming, small reductions and close tem- 
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perature control are requisites. Castings are sensitive to both sand¬ 
blasting and grinding; markings 0.003 in depth result from either of these 
operations. For certain blades which require shaving of the roll and neck, 
work-hardening is eliminated by annealing the castings at 1150° C (2100° 
F). Close temperature control is necessary as above 1176° C (2150° F), 
the carbides go into solution*. 

The Co-Cr alloys held at temperatures above 704° C (1300° F) age harden 
to Rockwell C55 to C60 after 50 hours of service. Such a high hardness 
may well endanger their serviceability at elevated temperatures. The 
addition of Ni in small amounts maintains a hardness of Rockwell C40 to 
C42 which decreases the tendency to brittleness*. 

For both the wrought and cast Co alloys, a heat treatment consisting of 
aging stabilizes the structure for periods of extended service at high tem¬ 
peratures. A generally successful treatment is an aging temperature of 
732° C (1350° F) for a period of 50 hours®. Heating for longer periods 
does not increase the hardness to any appreciable extent. 

Tests on the Co-base alloys considered in this chapter have been per¬ 
formed on cast specimens with the exception of alloy S-816, which is repre¬ 
sented in both the forged and cast state. Much has been written about 
the advantages of castings over forgings in relation to rupture and creep 
properties at elevated temperatures. One of the obvious differences in 
cast and forged structures is the fact that hot-forming produces smaller 
grains. This difference in grain size is exaggerated by the fact that the 
precision casting method used in the production of components has re¬ 
quired hot refractory molds resulting in slow cooling and very large grains. 
The effect of grain boundary conditions will be discussed later. 

A. ‘Titallium^’ (H.S. 21)* (NR-10) 

The composition limits for this alloy are as follows^®: 

C Cr Ni Mo Fe Co (bal) 

0.20-0.35 25-30 1.5-3,5 4.5-6.5 2 max 60 

The alloy “Vitallium” consisting of 28 Cr, 60 Co, 3 Ni, 6 Mo, 2 Fe, and 
0.25 C, is typical of the first Co-base alloys used for turbosupercharger 
blading. Its initial success resulted in a wartime production of approxi¬ 
mately 40 million blades by the precision casting process*. This alloy is 
subject to age-hardening from Rockwell A65 in the cast condition to Rock¬ 
well A69 after being aged at 732° C (1350° F) for a period of 50 hours as 
shown in Table 6-1. The subsequent tests for stress rupture and creep 
are representative of samples which have been given this treatment. 


♦ Haynes Stellite Co. 
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The elevated-temperature properties of “Vitallium’’ are shown in Tables 
6-1, 6-2, and 6-3. 

Table 6-1. Properties of “Vitalliqm”** 

Room-temperature Density: 8.30 gm/cm* 

Age-hardening Properties 

^ -Rockwell A Hardness- n 


As cast 

Aged Temp 

CC) (“F^ 

1 

2 

(hours) 

5 24 

50 

100 

65 

732 

1350 

65 

66 

66.5 

68.5 

69.5 

71.5 

65 

815 

1500 

67 

67 

68 

69 

69 

71 

67 

871 

1600 

69 

69 

68.5 

69 

69 

70 

64.5 

871 

1600 

67.5 

67.5 

67.5 

68.5 

68.5 

68.5 

65 

926 

1700 

66 

66.5 

67.5 

67.5 

68 

69 


Short-time Tensile Properties 


Condition 

Temp 

CO CF) 

Tensile 

Strength 

(psi) 

Yield 
Strength 
0.2% strain 
(psi) 

Elong % Reduction 
in 2 in of Area (%) 

Young’s 

Modulus 

of 

Elasticity 
X 10» 

As cast 

Room 

Room 

101,300 

82,300 

8.2 

9.0 

36 

As cast 

538 

1000 

69,100 

39,100 

16.4 

25.3 

33.3 

Aged 50 hrs, 

732® C (1350® F) 

538 

1000 

86,200 

74,400 

1.2 

4.3 

35 

As cast 

650 

1200 

74,200 

38,000 

15.7 

36.9 

33.7 

Aged 50 hrs, 

732® C (1350® F) 

650 

1200 

89,300 

71,300 

2.0 

6.0 

23.9 

Aged 50 hrs, 

732® C (1350® F) 

732 

1350 

79,300 

61,500 

3.8 

9.0 

24.2 

Aged 50 hrs, 

732® C (1350® F) 

815 

1500 

59,000 

49,000 

6.8 

19.7 

16.8 

Aged 50 hrs, 

732® C (13.50® F) 

871 

1600 

41,600 

32,800 

19.3 

23.6 

15.4 

As cast 

926 

1700 

42,500 

— 

27. 

52.4 

— 

As cast 

982 

1800 

33,300 

— 

35. 

52.4 

— 

Aged 16 hrs, 

926® C (1700® F) 

982 

1800 

32,900 

_ 

49. 

63.1 

_ 


Average Stress Rupture 


Temo 

- 

-Stress (psi) for Rupture in— 

1000 hrs' 

(‘’C) 

CF) 

10 hrs 

100 hrs 

500 hrs 

650 

1200 

70,000 

51,900 


44,200 

704 

1300 

54,000 

43,000 

— 

27,000 

760 

1400 

42,000 

24,000 

— 

15,000 

815 

1500 

— 

22,000 

15,800 

14,200 

871 

1600 

— 

16,700 

13,400 

13,200 

926 

1700 

17,000 

13,000 

10,700 

10,000 

982 

1800 

12,500 

9400 

7700 

7000 

1093 

2000 

4200 

— 

— 

— 


During service life, aging of “Vifcallium” occurs due to precipitation of 
certain constituents. As a result, turbosupercharger buckets, after several 
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Table 6-3. Data for Design Curves for “Vitallium”* 
Stress for Indicated Deformation 


Transition 

-At 815*0 (1500*F) for-s 

10 hrs 100 hrs 1000 hrs 

1.0% 

25,500 

16,800 

17,800 

11,500* 

0.5% 

21,100 

1500 

8900 

0.2% 

16,300 

10,600 

— 

0.1% 

— 

600 

— 


* Estimated. 


Variation of Gram Size with Modulus of Elasticitij (Young^s)* 


Actual Averap^e Grain 
Diam (in) 

ASTM Grain Size 

Modulus of Elasticity X 10« 
Max Min Average 

0.003 

5 

36.9 

35.47 

35.98 

0.012 

1 

35.2 

31.25 

33.12 

0.050 

— 

40.6 

23.40 

31.70 


As the grain size becomes finer, the values of the modulus become more consistent. 
This suggests that a coarse grain structure does not average out the anisotropy as 
well as the fine grain structure. 


Hot Fatigue 


Temp 

rc) (*F) 

Endurance Strength (psi) at 10» cycles) 

Room 

Room 

35,000-40,000 

650 

1200 

44,000 ' 

815 

1500 

33,000 


Specimens stressed in alternate bending at a frequency of 120 cycles/sec. 
Material: Cast, no heat treatment. 

Hot Impact of Cast ^^Vitallium^ 

Temp 
Room 

815° C (1500° F) 


Charpy Impact Resistance, ft-lb V Notch 

2.9 

11.0 


Thermal Expansion^^ 


Temp “F 

70-600 

70-800 

70-1000 

70-1200 

70-1500 

Thermal Conductivity (Watt/cm/°C) 

200*0 

Material (392*F) 

“Vitallium” Wrought 0.170 

Vitallium’* Cast 0.145 


Mean Coefficient of Linear Expansion 
In/In/*F X 10-« 

7.83 

7.96 

8.18 

8.38 

8.68 


300*0 

400*0 

500*0 

600*0 

(572*F) 

(752*F) 

(932*F) 

(1112*F) 

0.188 

0.206 

0.224 

0.242 

0.160 

0.175 

0.190 

0.205 
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Table 6-4. Properties of Alloy 6P®. 
Room-temperature Density: 8.54 gm/cm* 

Age-hardening Properties'^ 


-Rockwell A Hardness- 


As cast 

Aged Temp 

(*C) CJf) 

1 2 

Hours 

5 24 

50 100 

65 

732 

1350 

66 68 

69.5 

71 71.5 71. 

5 


815 

1500 

70 69.5 70 

70 69.5 69 



871 

1600 

68 68 

67.5 

68.5 69 69. 

5 


926 

1700 

68 68 

69 

69 69 71 


Average Stress Rupture 







Temp 

(“C) 

(»F) 


Stress (psi) for Rupture in 

10 hrs 100 hrs 500 hrs 

1000 hrs 


650 

1200 


— 

58,000 

50,000 

47,000 


704 

1300 


50,000 

39,000 

32,300 

30,000 


760 

1400 


— : 

36,000 

28,000 

25,000 


815 

1500 


— 27,200 

22,500 

21,800 


871 

1600 


— 

16,000 

13,000 

12,000 


926 

1700 


17,000 

14,000 

12,200 

11,500 


982 

1800 


12,500 

8600 

6200 

5400 


Short-time Tensile Properties'^ 






Condition 

Temp 

CC) CF) 

Tensile 

Strength 

(psi) 

Yield 

Strength 

0.2% strain Elong % 
psi in 2 in 

Young’s 

Modulus 

of 

Reduction Elasticity 
of Area (%) X 10« 

As cast 

Room Room 

105,400 

58,400 

7.0 

11.2 

29 

As cast 

538 

1000 

77,100 

41,400 

14.8 

24.1 

27.9 

Aged 50 hrs, 
732** C (1350° F) 

538 

1000 

97,500 

72,500 

1.7 

4.1 

27.6 

As cast 

650 

1200 

82,900 

40,700 

15.6 

21.5 

33.5 

Aged 50 hrs, 

732° C (1350° F) 

650 

1200 

97,500 

74,700 

1.8 

6.6 

25.0 

Aged 50 hrs, 

732° C (1350° F) 

732 

1350 

79,600 

63,100 

2.0 

6.5 

27.0 

Aged 50 hrs, 

732° C (1350° F) 

815 

1500 

58,500 

40,6(X) 

7.8 

12.7 

23.5 

Aged 50 hrs, 

732° C (1350° F) 

871 

1600 

45,800 

33,100 

9.8 

16.8 

21.9 

As cast 

926 

1700 

37,500 

— 

7.0 

35.7 

— 

Aged 16 hrs, 

926° C (1700° F) 

926 

1700 

43,600 


18.0 

35.7 


As cast 

982 

1800 

33,100 

— 

32.0 

40.6 

_ 

Aged 16 hrs, 

926° C (1700° F) 

982 

1800 

33,000 

_ 

27.0 

39.5 

_ 


hundred hours of service, show little ductility when tested at room tem¬ 
perature. However, the ductility of this alloy at elevated temperatures 
under service conditions must be considerably higher as demonstrated by 



COBALT-BASE ALLOYS 


213 


|c5 

P 

^Pii 


I 1 


ii 


S53 S 


Oi ^ 
rH 

CO 

o 

O 00 
CO »o 

d 


iO <N I - 

S 8 2 8 


!8 




C<| CO cO ^ CO ' 


H 

< 

Q 

u 

u 

q: 

O 



l^l-s I 

iU-3 5 

O P 'o.M-i ^ 

ns &® 

P < 


o o o o o 


% t 


01 <M 





Cl (N 40 »0 

K K 00 00 00 00 


O O O 


oo oo 5;: 


Ol Q> 


TO CO CO u «3 ' 

sss| g 

T? -T3 -tJ Q ‘^ *. 

a> o o X o 

bC bO boS§ o 

< < < ^ ^ 

.. .2 . 

(N CO O ’T3 ' 

a c a c3 

o .O ,o 2 o 

’-3 ^ I 

*-5 ^ ^ P ^ I 


s s 

o o o 
O O O 


o8 JD O 


- o 


Cl Cl CO CO CO 










214 


METALS AT HIGH TEMPERATURES 


the fact that certain blades, when struck during operation by failure of 
another part, bent before breaking during test runs^. 

B. Alloy 61 (H.S. 23)* (NR-63) 

This alloy is in general similar to “Vitallium^^ except that approximately 


Table 6-6. Elevated-temperature Properties of Alloy 6P* 
Hot Fatigue 


Temp 

Endurance Strength (psi) 

At 10» At 2.5 X 10* 

CC) 

(“F) 

cycles 

cycles 

650 

1200 

44,000 

— 

815 

1500 

38,000 

38,000 


Specimens stressed in alternate bending at a frequency of 120 cycles/sec. 
Material: Cast, no heat treatment. 


Hot Impact^ 

Temp 

Room 

815° c (1500° f; 

Thermal Expansion^^ 


Temp CF) 

70-600 

70-800 

70-1000 

70-1200 

70-1500 

Thermal Conductivity (Watt/cm/°C) 

200° C 300° C 

(392® F) (572® F) 

0.154 0.176 


Charpy Impact 
Resistance, ft-lb 
V Notch 

2.4 

10 


Mean Coefficient of 
Linear Expansion 
In/In/T X 10-« 

7.64 

7.96 

8.18 

8.48 

9.24 


400® C 500° C 600® C 

(752® F) (932® F) (1112® F) 

0.180 0.189 0.212 


the same amount of W replaces Mo. The composition limits are 
as follows^®: 

C Cr Ni W Fe ' Co (bal) 

0.35-0.50 23-29 1.5 max 4-7 2 max 65 

A typical analysis on which many tests were conducted is as follows*: 

Material C Mn Si Cr Co W 

61 0.4 0.3 0.6 24 68 6 

Age-hardening values for alloy 61 are shown in Table 6-4. Elevated- 
temperature properties are given in Tables 6-4, 6-5, and 6-6. 

* Haynes Stellite Co. 
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Table 6-7. Properties of Alloy 6059^® 
Room Temperature Density: 8.21 gm/cm* 

Age-hardening Properties 


Aged ✓-Rockwell A Hardness- 

Temp Hours 


As cast 

(“C) 

(“F) 

1 

2 

5 

24 

50 

100 

61 

732 

1350 

62 

66 

66.5 

67 

67.5 

67.5 

59 

815 

1500 

65 

64.5 

65 

65 

64.5 

65 

59.5 

871 

1600 

62.5 

62.5 

62.5 

62.5 

64 

64.5 

61 

926 

1700 

62 

62.5 

63 

63.5 

64 

66 


Short-time Tensile Properties 


Condition 


Temp 

rC) (“F) 

Tensile 

Strength 

(psi) 

Yield 
Strength 
0.2% 
strain psi 

Elong 

%in 

2 in 

Reduction 
of Area 
(%) 

Young’s 

Modulus 

of 

Elasticity 
X io« 

As cast 


Room 

Room 

82,500 

46,900 

7.0 

10.3 

28.0 

As cast 


538 

1000 

50,500 

36,600 

4.3 

10.3 

26.2 

As cast 


650 

1200 

48,900 

35,000 

3.8 

8.0 

27.0 

Aged 50 hrs 
732° C (1350° 

F) 

732 

1350 

66,200 

50,800 

3.2 

4.6 

20.2 

Aged 50 hrs 
732° C (1350° 

F) 

815 

1500 

51,200 

38,200 

10.1 

14.4 

18.7 

Aged 50 hrs 
732° C (1350° 

F) 

871 

1600 

41,400 

30,800 

11.5 

20.1 

18.2 

As cast 


926 

1700 

43,000 

__ 

23.0 

26.5 

— 

Aged 16 hrs 
926° C (1700° 

F) 

926 

1700 

45,400 


16.0 

34.0 

-- 

As cast 


982 

1800 

33,400 

— 

24.0 

50.3 

— 

Aged 16 hrs 
926° C (1700° 

F) 

982 

1800 

33,700 

— 

26.0 

41.7 

— 

Average Stress Rupture 







Temp 

rC) CF) 


Stress (psi) for Rupture in 
10 hrs 100 hrs 500 hrs 

1000 hrs 


650 


1200 


58,000 

55,000 

49,000 

46,000 


704 


1300 


45,000 

37,000 

31,500 

29,000 


760 


1400 


35,000 

28,000 

— 

— 


815 


1500 


29,200 

23,400 

19,700 

18,400 


871 


1600 


— 

16,000 

12,900 

12,000 


926 


1700 


16,000 

12,000 

9700 

8600 


982 


1800 


12,500 

9300 

7500 

6800 



C. Alloy 6059 (H.S. 27)* (NR-60) 

This alloy contains about 30 per cent each of Ni and Co and about 6 
per cent Mo. The composition limits are as follows*®: 

C Cr Ni Mo Fe Co 

0.35-0.60 23-29 30-1- 5-7 2 max 30 min 

* Haynes Stellite Co. 
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A typical analysis is as follows*: 

Material C Mn Si Cr Ni Co Mo 

6059 0.5 0.2 0.8 26 33 34 6 

Age-hardening values of alloy 6059 are given in Table 6-7. Elevated- 
temperature properties are shown in Tables 6-7, 6-8, and 6-9. 


Table 6-9. Elevated-temperature Properties of Alloy 6059. 
Hot Faligue^^ 


Temp 

Endurance Strength (psi) 
at 10» at 2.5 X 10’ 

(°C) 

m 

cycles 

cycles 

650 

1200 

41,000 

— 

815 

1500 

31,000 

30,000 


Specimens stressed in alternate bending at a frequency of 120 cycles/sec. 
Material: Cast, no heat treatment. 


Hot Impact (Alloy 6059, Cast*) 


Temp 

Room 

815° C (1500° F) 


Charpy Impact Resistance, ft-lb 
V Notch 

2.3 

3.6 


Thermal Expansion^^ 



Mean Coefficient of 
Linear Expansion 


Temp (‘’1' ) 

In/In/"F X l0-» 


70-600 


7.53 


70-800 


7.79 


70-1000 


8.04 


70-1200 


8.29 


70-1500 


8.67 


70-1600 


8.84 


Thermal Conductivity (watt/cm/°C) 




200° C 300° C 

400” C 

500° C 

600° C 

(392° F) (572° F) 

(752° F) 

(932° F) 

(1112° F) 

0.141 0.155 

0.166 

0.181 

0.198 

D. Alloy 422-19 (H.S. 30)* (NR-12) 



This alloy is similar to Vitallium except that 

15 per cent Ni replaces 

of the Co. The composition limits are as 

follows^®: 


C Cr 

Ni Mo 

Fe 

Co (bal) 

0.35-0.50 23-29 

13-17 5-7 

2 max 

50 

A typical analysis is as follows^®: 




Material C Mn 

Si Cr 

Ni Co 

Mo ] 

422-19 0.4 0.5 

0.5 25 

16 52 

6 0 


Haynes Stellite Co^ 
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The age-hardening properties of alloy 422-19 are given in Table 6-10. 
Elevated-temperature properties of this alloy are given in Tables 6-10, 
6-11, and 6-12. 


Table 6-10. Properties of Alloy 422-19“ 
Room-temperature Density: 8.31 gm/cm* 


Age-hardening Properties 

Aged 


As cast 

Temp 

(»C) (“F) 

65.5 

815 

1500 

65.5 

871 

1600 

65.5 

926 

1700 


Short-time Tensile Properties 


Condition 


Temp 

rC) (°F) 

As cast 


Room 

Room 

As cast 


538 

1000 

As cast 


650 

1200 

Aged 50 hrs 
732^ C (1350° 

F) 

732 

1350 

Aged 50 hrs 
732° C (1350° 

F) 

815 

1500 

Aged 50 hrs 
732° C (1350° 

F) 

871 

1600 

As cast 


926 

1700 

Aged 16 hrs 
926° C (1700° 

F) 

926 

1700 

As cast 


982 

1800 

Aged 16 hrs 
926° C (1700° 

F) 

982 

1800 

Average Stress Rupture 


Temp 

CC) (^F) 


732 


1350 


815 


1500 


871 


1600 


926 


1700 


982 


1800 


1093 


2000 



Rockwell A Hardness 


Hours 
2 5 

24 

so 100 

69.5 69.5 

70.5 

71 73 

68.5 69 

69 

70 72 

68.5 69 

70 

70 72 

Yield 

Strength 

0.2% strain 
(psi) 

Elong 

%in 

2 in 

Young’s 

Modulus 

Reduction of 

of Area Elasticity 

(%) X 10« 

55,100 

5.0 

11.9 33.0 

42,500 

6.2 

9.2 25.6 

37,600 

6.3 

10.7 27.5 

61,400 

1.8 

2.7 24.8 

47,600 

3.0 

3.4 25.6 

35,900 

9.6 

17.8 17.3 

— 

17.0 

26.6 — 

_ 

18.0 

33.3 — 

— 

24.0 

33.7 — 

_ 

21.0 

38.7 — 


ress (psi) for Rupture in- 

1000 hrs 

100 hrs 

500 hrs 

47,000 

— 

— 

28,600 

24,100 

21,700 

18,800 

15,500 

14,800 

16,000 

12,300 

11,500 

10,000 

7900 

7100 

3000 

— 

— 


1 

69 

68 

67.5 


Tensile 

Strength 

(psi) 

98.100 

62.900 

59.900 

77.800 
64,000 

48.900 
45,200 

47.100 
36,300 

37.800 


10 hrs 

33,000 

24,200 

19,000 

14,000 

5500 


E. Alloy X-40 Cast* (NR-71) 

This alloy contains 55 per cent Co, 25 per cent Cr, 10 per cent Ni, 7 per 
cent W, and Fe present as an impurity. A representative analysis is given 
in Table 6-13. It has had a wide use in many high-temperature com- 


* General Electric Co. 
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ponents due to its excellent performance. The properties of this alloy 
are given in Table 6-13. At 815° C (1500° F) this alloy has a rupture 
strength of 23,200 psi after 1000 hrs with 7 per cent elongation. At the 
same temperature, its creep rate is 0.00001 per cent per hr for a stress of 
10,200 psi. 


Table 6-12. Elevated-temperature Properties of Alloy 422-19 

Data for Design Curves^ 

Stress for Indicated Deformation 



10 hrs 

"C (1600"E) 
100 hrs 

(psi) N 

1000 hrs 

Transition 

17,400 

14,100 

1.0% 

19,900 

16,000 

13,250 

0.5% 

12,700 

10,800* 

0.2% 

12,400 

9800 

— 

0.1% 

Kstimated. 

8750 — 

— 


Hot Faligue^^ 

Endurance Strength (psi) 

Temp at lO"* cycles 

650^ C (1200® F) 52,(KK) 

Specimens stressed in alternate bending at a frequency of 120 cycles/sec. 
Material: Cast, no heat treatment. 


Hot Impact^ 


Temp 

Hoorn 

815® C (1500® F) 


Charpy lmi)act Resistance, ft-lb 
V Notch 

1.5 

3.6 


Thermal Expansion^^ 


Temp ("F) 

Mean Coefficient of 
Linear Expansion 
In/In/^F X 10-6 

70-600 

7.70 

70-800 

7.86 

70-1000 

7.91 

70-1200 

8.07 

70-1500 

8.42 ' 

70-1600 

8.54 


F. Alloy X-50 Cast* (NR-72) 

A typical analysis of alloy X-50 together with its properties at elevated 
temperature is given in Table 6-14. It contains somewhat more C, Cr, 
Ni, and W than alloy X-40. 


General Electric Co. 
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Table 6-13. Properties op Alloy X-40, Cast^^ 

Chemical Composition 

NDRO C Mil Si Cr Ni Co Fe W 

71 0.5 0.6 0.7 25 10 55 0.6 7 

Room-temperature Densitij: 8.608 gm/cm^ 

Age-hardening Properties 


Aged ✓-Rockwell A Hardness- 

Temp Hours 


As cast 

(‘‘C) 

(°F) 

1 

2 

5 

24 

50 

100 

64 

815 

1500 

66 

69.5 

70 

69.5 

70 

70 

64 

871 

1600 

66.5 

67.5 

67.5 

67 

68 

70 

64 

926 

1700 

67 

68 

69 

68.5 

69.5 

71 


Short-time Tensile Properties^ 




Temp 

Tensile 

Strength 

Yield 
Strength 
0.2% strain 

Propor¬ 

tional 

Limit Elong 

Reduction 
of Area 

Treatment 

rc) 

m 

(psi) 

(psi) 

(psi) (% 

in 

(%) 

As cast 

Room 

Room 

101,000 

74,100 

— 

11 

14.0 

As cast 

650 

1200 

76,800 

37,400 

23,400 

18 

28.1 

As cast 

Aged 50 hrs 

650 

1200 

77,300 

37,800 

22,500 

20 

28.6 

732° C (1350° F) 
Aged 50 hrs 

732 

1350 

82,200 

53,400 

31,300 

7 

8.1 

732° C (1350° F) 
Aged 50 hrs 

732 

1350 

69,200 

53,800 

33,100 

2.3 

7.0 

732° C (1350° F) 
Aged 50 hrs 

815 

1500 

57,500 

42,000 

26,200 

14 

15.4 

732° C (1350° F) 
Aged 50 hrs 

815 

1500 

61,400 

47,500* 

32,400 

5 

12.1 

732° C (1350° F) 
Aged 50 hrs 

871 

1600 

48,500 

35,200 

22,900 

14.3 

18.1 

732° C (1350° F) 
* Estimated. 

871 

1600 

48,600 

37,300 

24,000 




Stress-to-Rupiure and Elongation Values^ 

10 hr 100 hr 1000 hr 


Treat¬ 

Temp 

Stress 

Elong 

Stress 

Elong 

Stress 

Elong 

ment 

(“C) 

(°F) 

(psi) 

(%) 

(psi) 

(%) 

(psi) 

(%) 

(1) 

650 

1200 

66,000 

— 

55,000 

— 

46,000 

— 

(2) 

732 

1350 

59,000 

20 

44,800 

31 

34,000 

37 

(3) 

815 

1500 

34,000 

30 

28,000 

12 

23,200 

7 

(4) 

871 

1600 

25,000 

36 

21,300 

19 

18,500 

7.5 

(5) 

926 

1700 

21,000 

39 

17,300 

22 

14,400 

16 

(6) 

982 

1800 

13,300 

46 

11,300 

24 

9800 

8 


Treatment 

(1) Not known. 

(2) Aged 50 hrs, 732® C. 

(3) Aged 50 hrs, 732 to 815° C. 

(4) Aged 50 hrs, 871° C. 

(5) As cast. 

(6) As cast. 
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Table 6-13 —Continued 


Creep Data^* 


Temp 

Stress for Minimum Creep Rates 
(% per hr) 

CC) 

(•F) 

0.001 

0.0001 

0.00001 

815 

1500 

18,500 

13,700 

10,200 

871 

1600 

15,700 

11,700 

8700 


Thermal Expansion 


Temp (“F) 

70-800 

70-1000 

70-1200 

70-1500 

70-1600 


Mean Coefficient 
of Linear Expansion 
In/In/“F X 10-« 

7.88 

7.98 

8.18 

8.43 

8.79 


Daia for Design Curves^ 


Stress for Indicated Deformation 



10 hrs 

-81S“C (1500T)- 
100 hrs 

1000 hr^ 

10 hrs 

-87FC (1600^)- 
100 hrs 

1000 hrs' 

Transition 

27,500* 

22,100* 

21,500 

20,400* 

18,300* 

18,200 

1.0% 

23,800 

— 

— 

19,000 

16,500 

16,000t 

0.6% 

20,000 

16,800 

— 

— 

— 

—• 

0.2% 

17,600 

14,200 

11,200 

14,400 

12,500 

9800 

0.1% 

13,500 

10,700 

— 

12,000 

7600 

— 


* Stress for 2% deformation, transition not reached, 
t Stress for 2% deformation. 

Hot Fatigue^* 

Endurance Strength 

Temp (psi at 10* cycles) 

650° C (1200° F) 56,000 

Specimens stressed in alternate bending at a fretiuency of 120 cycles/scc. 
Material: Cast, no heat treatment. 

Hot Impact* 

Charpy Impact Resistance, 

Temp ft-lo V Notch 

Room 2.3 

815° C (1500° F) 5 


G. Alloy S-816* Forged and Cast 

This alloy contains 45 per cent Co, 20 per cent Cr, 20 per cent Ni, 4 
per cent W, 4 per cent Cb, 3 per cent Mo, and 0.4 per cent C (bal. Fe). The 
ratio of C to Cb is one of the important factors in maintaining a satis¬ 
factory composition'^. In spite of the presence of this amount of C, alloy 
S-816 is produced in both forgings and castings and has excellent elevated- 

* Allegheny Ludlum Steel Co. 
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temperature properties at 815 to 870° C (1500 to 1000° F). Because of 
its superior performance, manufacturing data are given here in some detail. 
It is commercially available in billets and bars and has been experimentally 
produced in sheet, wire and welded tubing. In spite of its high alloy con¬ 
tent and the absence of Fe, except as in impurity, the alloy responds well 
to fabrication. It is also available in the cast form and as a precision 


Table 6-14. Elevated-temperature Properties of Alloy X-50® 
Chemical Composition 

NDRC C Mil Si Cr Ni Co W Fe 
72 0.8 0.6 0.5 2.3 20 40 12 Bal (3) 


Room-temperature Density: 8.855 gm/cm* 
Stress-to-Rupture and Elongation Values 


Treat¬ 

Temp 

10 hrs 

Stress Elong in 2" 

100 hrs 

Stress Elong in 2^ 

1000 hrs 

Stress Elong in I'' 

ment 

(“C) 

(‘•F) 

(psi) 

(%) 

(psi) 

(%) 

(psi) 

(%) 

(1) 

815 

1500 

38,400 

28 

29,200 

14.5 

22,500 

5 

(2) 

871 

1600 

25,400 

24 

20,100 

17 

16,200 

10 

(3) 

926 

1700 

19,700 

27 

16,300 

16 

13,800 

2 

(4) 

982 

1800 

12,200 

30 

9700 

15 

7800 

8 


Treatment 

(1) Aged 50 hrs, 815° C. 

(2) Aged 50 hrs, 871° C. 

(3) As cast 

(4) As cast 

Creep Data^ 


Temp 

Stress for Minimum Creep Rates, 

% per hr 

(“C) 

(°F) 

0.001 

0.0001 

0.00001 

815 

1500 

18,200 

13,500 

10,100 

871 

1600 

13,200 

10,500 

8500 


Hot Impact^ 


Temp 


Charpy Impact Resistance, 
ft-lb V Notch 


Hoorn 

815° C (1500° F) 


2.4 

3.1 


cast product finds wide use at 815° C (15(X)° F). It has a further advan¬ 
tage in resisting corrosion in hot fuel gases. In production, care must be 
taken during welding, but both arc welding and atomic hydrogen welding 
are suitable methods^^. 

Alloy S-816 in the forged condition is heat-treated by solution treatment 
in the range of 2150 to 2300° F followed by water-quenching. Time for 
heating may be i hour for thin sections as small turbine blades, sheet and 
strip, and 3 hours for heavier sections, such as turbine wheels 3 to 4 inches 
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Table 6-15. Properties of Alloy S-816®' 

Chemical Composition 

NDRC C Mn Si Cr Ni Co Mo W Cb Fe 

76 0.4 0.6 0.3 20 20 45 3 4 4 Bal (2) 

Room-temperature Density: 8.587 gm/cm* (Forged alloy) 

Hardness 


Water Quenched From 1 Hour at: 

CO CF) 

Rockwell C* 

1176 

2150 

31 

1204 

2200 

30 

1232 

2250 

29 

1260 

2300 

29 

1290 

2350 

28 

These values are about 2 to 4 points above 

minimum. 

Solution Treated 1260“C (2300“F) Aged 16 Hr. at: 

CO m 

Rockwell C 

538 

1000 

25-26 

650 

1200 

25-26 

704 

1300 

25-26 

760 

1400 

24-25 

815 

1500 

24-25 

871 

1600 

25-26 

926 

1700 

26 

982 

1800 

26 

1038 

1900 

23 


Short-time Tensile Properties {Forged Alloy) 


Treat¬ 

ment 

Temp 

CO (“F) 

Tensile 

Strength 

(psi) 

Yield 
Strength 
0.2% offset 

Elong 
(% in 2") 

Reduc¬ 
tion of 
Area (%) 

(1) 

Room 

Room 

175,000 

73,000 

39 

45 

(2) 

650 

1200 

120,200 

— 

17 

22 

(3) 

732 

1350 

98,900 

~ 

15 

22 

(4) 

815 

1500 

78,260 

__ 

12 

21 

(5) 

871 

1600 

59,770 

— 

18 

20 

(6) 

926 

1700 

48,180 

-- 

14 

17 


Treatment 

(1) As rolled. 

(2) 1260° C (2300° F), 1 hr, water-quenched; 760° C (1400° F), air-cooled. 

(3) Same. 

(4) Same. 

(5) Same. 

(6) Same. 
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Table 6-15 —Continued 
Short-time Tensile Properties (Cast alloy) 


Treat¬ 

ment 

Temp 

(°c) m 

Tensile 

Strength 

(psi) 

Elong 
(% in 2 in) 

Reduc¬ 
tion of 
Area (%) 

(1) 

Room 

Room 

100,000 

6.0 

7.4 

(1) 

815 

1500 

61,780 

17.0 

18.0 

(2) 

Room 

Room 

104,400 

1.0 

1.5 

(2) 

815 

1500 

70,500 

8.0 

15.0 

(3) 

Room 

Room 

122,300 

0.5 

1.5 

(3) 

650 

1200 

100,500 

3.5 

10.5 

(3) 

815 

1500 

71,062 

3.5 

14.0 


Treatment 

(1) Cast. 

(2) Aged 100 hrs at 815° C (L500° F). 

(3) 1 hr at 1260° C (2300° F), water-quenched; aged 6 hrs at 760° C (1400° F). 

Stress-to-Rupture and Elongation Values (Cast Alloy) 

10 hrs 100 hrs 1000 Hrs 


Treat¬ 

Temp 

Stress Elong in 2^ 

Stress 

Elong in 2" 

Stress Elong in 2^ 

ment 

(^C) 

CF) 

(psi) 

or 

/O 

(psi) 

% 

(psi) 

% 

(1) 

650 

1200 

72,000 


58,000 

— 

46,000 

— 

(2) 

732 

1350 

54,000 

— 

40,000 

16 

29,000 

— 

(3) 

815 

1500 

35,500 

15 

28,500 

3 

22,000 

1 

(4) 

871 

1600 

24,500 

19 

18,000 

17 

13,000* 

11 

(5) 

926 

1700 

18,000 

7 

14,800 

6 

12,000* 

2* 

(6) 

982 

1800 

14,0(K) 

16 

10,500 

10 

8000 

6 


Treatment 

(1) As cast. 

(2) As cast. 

(3) 1260° C (2300° F), 1 hr, water-quenched; aged 16-50 hrs, 732-815° C (1350- 
1500° F). 

(4) As cast. 

(5) Same. 

(6) Same. 

* Estimated 

Forged, Heat-treated Alloy 


Hours 

Stress to Rupture 
650°C (1200T) 

in Time Indicated 

732°C (1350°F) 

815®C (1500T) 

100 

63,000 

41,500 

25,500 

1000 

51,000 

32,500 

19,400 

10,000 

40,000 

25,500 

14,500 

*100,000 

31,500 

19,700 

10,900 


* Extrapolated 
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Table 6-15 —Concluded 


Creep Data (Forged Alloy) 


Stress for Minimum Creep Rates, 


Temp 

oc 

0.001 

% per hour 
0.0001 

0.00001 

732 

1350 

26,800 

18,000 

12,200 

815 

1500 

16,400 

11,500 

8100 

871 

1600 

8500 

5800 

4000 

10,000-Hour Creep Tests at 815° 

C (1500° F) 



Treat¬ 

ment 

Stress 

(psi) 

Creep Rate % per Hr at 
10,000 hrs 20,000 hrs 

Final 

Reading 

1290° C (2350° F), 

8500 

0.00003 

0.000029 

0.000113 


water-quenched 


Thermal Expansion 


Temp ("F) 
70-500 
70-1000 
70-1600 


Mean Coefficient 
of Linear Expansion 
In/In/'^F X 10-« 

7.6 

8.0 

9.4 


LcMth 
of Test 
(hr) 


10,103 


Hoi Fatigue Strength (Cast Alloy) 


Temp 


Endurance Strength 
(psi at 10* cycles) 


815^ C (1500° F) 33,000 

Specimens stressed in alternate bending at a frequency of 120 cycles/sec. 


Hot Impact Properties (Forged Alloy) 


Charpy Impact Resistance, ft-Ib 
Keynole V 

Temp Notch Notch 


Room 

815° C (1500° F) 


9 18 

25 54 


thick. If there are present veiy low strains of less than 1 per cent resulting 
from various types of previous working, either hot, warm, or cold, grain 
growth may occur at solution-treating temperatures above 1150° C 
(2100° F). It is for this reason that the final reductions during hot working 
must be of an order to prevent such an occurrence. 

The subsequent heat treatment is aging in the range between 732 and 
815° C (1350 to 1500° F). The amount of precipitation of the micro¬ 
constituents at this period is influenced by the time and the temperature. 
If the time of aging is too long, the ductility may fall to 1 per cent. The 
hardness of the alloy after heat treatment is a factor in obtaining optimum 
elevated-temperature properties. In certain instances a hardness of Rock¬ 
well C22 has resulted in an alloy which gave satisfactory service. How¬ 
ever, a hardness of C26 or higher obtained by solution-treating at 1260° C 
(2300° F) and aging at 760° C (1400° F) is recommended. Higher hard- 
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nesses than this value can be obtained, as for example cold-working after 
solution treatment, which can produce an alloy above Rockwell C34. 
Also a 20 per cent cold reduction after solution treatment will result in an 
alloy with a hardness of C44 after the aging treatment. For many appli¬ 
cations, the aging heat treatment consists of heating at 760"" C (1400° F) 
for 6 hours. There is some difference of opinion as to whether cast S-816 
alloy should be heat-treated by aging or used in the cast condition. The 
fatigue strength of S-816 at 815° C (1500° F) is 33,000 psi for 100 million 
cycles of stress. The elevated temperature properties of this alloy are 
shown in Table 6-15. Design curves which are approximations are shown 
in Fig. 6-1 at 732° C (1350° F). 



HOMMt 

Fig. 6 1. Approximate design curves of forged alloy S-816 at 732° C (1350° F). 
(After Wilson) 

The rupture strength at 815° C (1500° F) for 1000 hours is 19,400 psi 
for the forged alloy and 22,000 psi for the cast alloy. The creep strength 
at the same temperature is 8100 psi for a creep rate of 0.00001 per cent 
per hour. The alloy is also reported under test for 10,103 hours at 8500 psi 
at which period the creep rate is 0.00003 per cent per hour based on 10,000 
hours. 

Comparison of Properties of Cast Co-base Alloys 

I. Age-hardening. All the cast alloys age-harden in the temperature 
range of 732 to 926° C (1350 to 1700° F) from Rockwell A 62 to 65 after 
50 hours to Rockwell A 70 to 71 after 100 hours, 
n. Short-time Tensile Test. TermU Strength. In all the alloys, the 
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increase in hardness from aging also results in an increase in tensile strength 
over the cast condition. At 538 and 650° C (1000 and 1200° F), the cast 
alloy 61 and both cast and forged alloys S-816 show the highest tensile 
strengths. At 732, 815, and 871° C (1350, 1500 and 1600° F), the differ¬ 
ences in short-time tensile strength are less marked, with the exception of 
S-816, which maintains a consistently higher value. Many of the tests 
represent strain rates of 0.02 in per min up to 0.2 per cent offset yield 
strength and then a strain rate of 0.06 in per min to rupture®. 

Ductility. At 732° C (1350° F), all the alloys have a decrease in duc¬ 
tility to less than 5 per cent. 

Modulus of Elasticity. Very coarse grains cause variations in values of 
the modulus of elasticity. Fine grains tend to produce more uniform 
results. 

in. Rupttire Strength. The stress rupture tests on the cast specimens 
are reported for both 0.250 and 0.505 in diameter rods cast in refractory 
molds. Results of tests do not indicate any essential difference between 
the two sizes. Many of the early tests under government sponsorship 
determined only the time to rupture, the elongation, and the reduction in 
area. This procedure has been largely replaced by a complete time defor¬ 
mation curve to indicate the stress-time relationship up to failure®. 

At 815° C (1500° F), alloys 61, 422-19, X-40, S-816, and X-50 have 
stress-rupture values at 100 hours of 27,000 to 29,000 psi and at 1000 hours 
of 21,000 to 23,000 psi. Alloys “Vitallium^^ and 6059 fall below these 
values. 

At 870° C (1600° F), all the cast Co-base alloys are definitely superior 
to the forged alloys described in the preceding chapter. The cast Co-base 
alloys ‘‘Vitallium”, 61, 6059, 422-19, X-40, X-50, and S-816 have stress 
rupture values at 100 hours of 16,000 to 21,000 psi and at 1000 hours of 
12,000 to 16,000 psi. 

IV. Creep Strength. Creep data are difficult to evaluate, since the 
limitations of space do not allow the reproduction of time-deformation 
curves. A presentation is here given of the creep rate and the total defor¬ 
mation at periods of 500, 1000, 1500, and 2000 hours. The tests carried 
out at 732° C (1350° F) under government sponsorship are conducted for 
the most part at 15,000 and 20,000 psi. For alloys with' creep rates greater 
than 0.00001 per cent per hour for 15,000 psi, tests are also given at 12,000 
psi. 

At 815° C (1500° F), many creep tests are reported. One specification 
required a material for a creep rate of 0.00001 per cent per hour at 7000 psi 
and at this temperature. With the exception of “Vitallium’\ all the cast 
Co-base alloys exceed this value®. 

V. Hot Impact Tests. The specimens for the Charpy impact tests 
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are the V notch type, since drilling a keyhole notch is very difficult in cast 
Co-base alloys. The room-temperature impact values are lower in all 
the cast Co-base alloys than the values at 815° C (1500° F). However, 
all the cast alloys have much lower impact strength at both room tem¬ 
perature and elevated temperature than do the wrought alloys. The 
amount of ductility required for high-temperature service is still in certain 
respects difficult to evaluate. The excellent service given by these rela¬ 
tively brittle alloys is surprising when considered on the basis of previous 
concepts regarding deformation under service conditions. 

VI. Hot Fatigue Tests. The fatigue strength of the cast Co-base alloys 
at 650° C (1200° F) is above 40,000 psi for 100 million cycles of stress. 
Alloy 422-19 at this temperature has a fatigue strength of 52,000 psi and 
alloy X-40 has a fatigue strength of 56,000 psi. At 815° C (1500° F), the 
fatigue strength of those Co-base alloys tested is above 30,000 psi for 100 
million cycles of stress. 

H. Sthuctuiie of Co-base Alloys 

Pure Co undergoes a transformation on cooling from a face-centered 
cubic to a close-packed hexagonal structure at a temperature of about 
420° C (788° F). The existence of yet another change in the lattice struc¬ 
ture of Co above the broad temperature range of 850 to 1050° C (1562 to 
1922° F) is also a possibility. The Co-rich end of the binary Co-Fe system 
consists of a hexagonal lattice structure called the epsilon phase. The 
Co-rich end of the Co-Ni binary system also has a hexagonal lattice struc¬ 
ture (beta phase). 

In the Co-base alloys discussed in this group, Fe varies from about 1 to 
3 per cent and Ni from about 2 to 32 per cent. Cr is present in amounts 
from about 19 to 27 per cent. Co itself also varies from 36 to 70 per cent. 
The outstanding characteristic of these various compositions is the slug¬ 
gishness with which the structural transformations take place. From x-ray 
evidence to date, a face-centered cubic phase has been identified, as well 
as the presence of a hexagonal constituent in small amounts. 

X-ray examinations of alloys ^‘Vitallium”, 61, and 6059 reveal diffrac¬ 
tion patterns which vary with heat treatment. On a qualitative basis, 
the alloys undergo changes indicating the appearance or suppression of two 
lattices, one cubic and one hexagonal. The changes of structure with heat 
treatment are shown as follows^: 


Material 

“Vitallium” 


Heat Treatment 

As cast 

Annealed 1163° C (2125° F) 
Aged 800° C (1475° F), 50 hrs 
Aged 800° C (1475° F), 100 hrs 


Lattice 

Hexagonal Cubic 


Some 

None 

Present 

More 


Large amount 
All 

Small amount 
Much less 
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Alloy 61 As cast Small amount Large amount 

Annealed 1163° C (2125° F) Small amount Large amount 


Aged 800° C (1475° F), 50 hrs None All 

Aged 800° C (1475° F), 100 hrs None All 

Alloy 6059 As cast None All 

Annealed 1163° C (2125° F) None All 

Aged 800° C (1475° F), 50 hrs None All 

Aged 800° C (1475° F), 100 hrs None All 


Microstructure 

In these high-Co alloys containing 0.25 to 0.45 per cent C, three different 
carbides have been identified by x-ray diffraction and by chemical analyses 
of residues from the alloys obtained by electrolysis in a 10 per cent solution 



Fig. 6-2. “Vitallium” (II.S. 21) water quenched from 1300° C (2375° F). JOtched 
with 6 per cent aqua regia. Magnification 250X. (After Badger and Sweeney) 

of HCl. They are Cr 4 C with a cubic lattice structure, CrrCa with a 
hexagonal structure, and a constituent considered as MeC, where M may 
be Co, Cr, or Mo^ 

Etching techniques reveal these carbides in different colors under the 
microscope as follows: (1) a light etching is given in 2 per cent chromic acid, 
followed by (2) an immediate etching in alkaline potassium permanganate 
(20 per cent KMnO^, 8 per cent NaOH) for 7 seconds. The chromium 
carbide, Cr 4 C, is etched brown; the CiyCa is etched light yellow, and the 
third constituent varies in color between red and green tints, although, oc¬ 
casionally, it may have bluish tints. Another satisfactory etching solution 
for Co-base alloys is a (> per cent aqua regia mixture applied electrolytically. 

A series of photomicrographs of “Vitallium^^ illustrate some of the effects 
of heat treatment. In Fig. G-2, heating ‘'Vitallium'’ to 1300° C (2375° F) 
and water-quenching shows that the lamellar constituent is dissolved and 
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suppressed from appearing at the grain boundaries in a specimen etched 
with 6 per cent aqua regia. The same specimen in Fig. 6-3, etched in the 
alkaline permanganate solution described above, shows gray areas of 
Cr 4 C, small areas where the film is cracked or reticulated, which is char¬ 
acteristic of the MeC constituent, and very dark areas which comprise a 



Fig. 6-3. Same as Fig. C-2, but etched with alkaline permanganate. Magnifica¬ 
tion 250X. (After Badger and Sweeney) 



Fig. 6-4. “Vitallium’^ (H.S. 21) furnace cooled from 1300^ C (2375° F). Etched 
with 6 per cent aqua regia. Magnification 250X. (After Badger and Sweeney) 

eutectic containing all the carbides. The background in both Figs. 6-2 
and 6-3 is the Co-rich solid solution. 

Furnace-cooling ‘‘Vitallium’^ from 1300° C (2375° F) results in a lamellar 
constituent at the grain boundaries, as shown in Fig. 6-4 with the 6 per 
cent aqua regia etch and in Fig. 6-5 with the alkaline potassium perman¬ 
ganate etchi In the latter photomicrograph, the light gray lamellar con¬ 
stituent is Cr 4 C and the very dark areas, a eutectic containing all the 
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carbides. A typical microstructure of “Vitallium”, as cast and cooled in a 
refractory mold, is shown in Fig. 6-6, where only a moderate amount of 
lamellar constituent appears at the grain boundaries. 



Fig. 6-5. Same as Fig. 6-4, but etched with alkaline potassium permanganate. 
Magnification 250X. (After Badger and Sweeney) 



Fig. 6-6. “Vitallium” (H.S. 21). Structure typical of investment casting. Magni¬ 
fication lOOX. 

1. Comparison of Forgings versus Castings 

There are certain instances where the forged Cr-Ni-Co-I^'e alloys have 
properties differing from Co-base alloys in the cast condition. 

I. At room temperature, forgings have higher impact strength than 
castings®. At 815° C (1500° F), both forgings and castings have higher 
impact values than at room temperature. 

II. The short-time tensile properties are higher for wrought than for 
cast alloys. 
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III. In stress-rupture tests at 815° C (1500° F), duplicate heats give 
more consistent results for forged than for cast alloys. This is not unex¬ 
pected if the cast alloys are produced with variations in grain size. 

IV. Stress-rupture tests at 815 and 871° C (1500 and 1600° F) indicate 
that cast alloys are superior to forged alloys. 

V. Creep tests on cast alloys show superiority to forged alloys at 815 
and 871° C (1500 and 1600° F). 

VI. Hot fatigue tests at 650° C (1200° F) indicate that cast alloys are 
somewhat inferior to wrought alloys. At 815° C (1500° F) the alloys 
having optimum creep strength in both classes have about the same en¬ 
durance strength. 

VII. A word of caution is introduced here regarding creep rates at low 
stresses. In design curves at low values of total deformation, forged 
alloys are as good or somewhat better than the cast alloys. This is par¬ 
ticularly noteworthy in the cases of S-590 and forged S-816. 

VIII. The casting method in certain instances may be more economical 
than forging, especially in the alloys which maintain high hardness at 
elevated temperatures. This effect is enhanced in the alloys to which C 
is added for greater creep strength, as will be shown in a later chapter. 
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Chapter 7 
Nickel-base Alloys 


A. Wrought and Cast Alloys 

The alloys included in this group are those with more than 35 per cent 
Ni which are suitable for service at elevated temperature. The presence 
of Ni in proportions from 55 to about 80 per cent imparts stability to the 
alloy at high temperature, with retention of good forming properties. 

I. Ni-Mo Alloys 

These series of alloys with or without Cr were developed for their re¬ 
sistance to chemical corrosion. Only subsequently did it appear that their 
performance under load at elevated temperature was superior to that 
of several other classes of heat-resistant alloys. Their cost and their 
elevated-temperature properties lie between those of the Fe-base and the 
Co-base alloys. The Ni *Mo compositions arc available in both the wrought 
and cast form and in the latter category are especially suited to precision¬ 
casting techniques. They find wide use in furnace parts and in components 
for gas turbines. 

a. Alloy ‘‘Hastelloy” B*. A series of Ni-Mo alloys, known as 
“Hastelloys”, are resistant to HCl at all concentrations up to the boiling 
point. They arc also resistant to H 2 SO 4 up to 50 per cent concentration 
and to some salts, c.g., cuprous chloride. 

“Hastelloy’' B alloy consists of approximately 30 per cent Mo, 65 Ni, 
and 5 per cent Fe. It is especially satisfactory under reducing conditions, 
but must be limited to a maximum of 760° C (1400° F) under oxidizing 
conditions^ Forging is recommended in the limited range of 1038 to 
1204° C (1900 to 2200° F). The elevated-temperature properties of 
'‘Hastelloy^^ B arc shown in Table 7-1. 

Microstniciiire and Heat Treatment. The “Hastelloy’^ compositions 
consist of a Ni-rich solid solution of Mo which appears under the micro¬ 
scope as a single phase. Dispersed throughout the grains are complex car¬ 
bides which persist even after rapid cooling from a high temperature®. 

When heated in the range of 650 to 1090° C (1200 to 2000° F), the alloy 


* Haynes Stellite Co. 
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Table 7-1. Elevated-tempebature Properties of Alloy “Hastelloy” 
Chemical Composition 

C Ni Mo Fe 

0.02-0.12 62.5-66.5 26-30 4-5 

Room-temperature Density: 9.24 gm/cm* 


Short-time Tensile Properties (Precision-cast and Wrought)’ 
Yield Yield 


Test 

Temp., 

(»C) (‘’F) 

Tensile 

Strength, 

(psi) 

Prop. 

Limit 

(psi) 

Strength, 

0.1% 

Strain 

(psi) 

Strength, 

0.2% 

Strain 

(psi) 

Elong. 

% 

in 2'* 

Red. 
of Area, 
(%) 

Young’s 
Modulus of 
Elasticity 





As-Cast 





Room 

Room^ 

84,200 

399,00 

52,600 

57,800 

11.9 

13.9 

28.5 X 10« 

538 

10001 

77,400 


— 

— 

15.0 

16.4 

— 

650 

12001 

65,200 

__ 

__ 

— 

14.7 

16.8 

— 

815 

15001 

58,500 

__ 

— 

— 

18.8 

18.0 

— 



Wrought; rolled and annealed at 2150°F. 



Room 

Room 

135,000 

— 


63,000 

44.0 

42.0 

30.0 X 10« 

482 

900 

115,000 

— 

— 

— 

39.0 

30.0 

— 

704 

1300 

85,000 

— 

— 


9.0 

15.0 

— 

900 

1650 

50,000 

— 

— 

— 

17.0 

20.0 

— 

982 

1800 

25,000 

— 

— 

— 

25.0 

30.0 

— 


(1) Averaged results on J-in. diameter precision-cast test specimens with 1-in. 
gage length. 


Stress-rupture Properties (Precision-cast and Wrought) 


Test Temp., 


Stress, psi for Rupture in 

PC) 

(‘’F) 

Condition 

As-Cast 

10 Hours 

100 Hours 

1,000 Hours 

815 

1500 

Heat-treated 30 minutes at 1163° C 
(2125° F); air-cooled; reheated to 
926° C (1700° F) for 72 hours; air¬ 
cooled. 

Wrought 

29,000 

17,600 

10,700 

650 

1200 

Heat-treated 30 minutes at 1163° C 
(2125° F); air-cooled; reheated to 
926° C (1700° F) for 72 hours; air¬ 
cooled. 

61,500 

54,000 

36,500 

704 

1300 

Heat-treated 30 minutes at 1163° C 
(2125° F); air-cooled; reheated to 
926° C (1700° F) for 72 hours; air¬ 
cooled. 

60,000 

37,000 

23,000 

760 

1400 

Heat-treated 30 minutes at 1163° C 
(2125° F); air-cooled; reheated to 
926° C (1700° F) for 72 hours; air¬ 
cooled. 

37,000 

21,000 

12,000 

815 

1500 

Heat-treated 30 minutes at 1163° C 
(2125° F); air-cooled; reheated to 
926° C (1700° F) for 72 hours; air¬ 
cooled. 

26,100 

16,200 

10,000 

815 

1500 

Aged 24 hours at 1038° C (1900° F); air¬ 
cooled. 

— 

17,000 

— 
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Table 7-1— Continued. 


Endurance Properties^ 

Temp. Heat Treatment 

(*C) (®F) Solution Treatment 

650 1200 1093° C (2000° F) 
water-quench 

815 1500 1121° C (2050° F) 
air-cooled 


Endurance Strength 
(psi) 

2 5 X 

Aging 108 cycles 10* cycles 

4 hrs 650° C (1200° F) 66,000 64,000 

24 hrs 1038° C (1900° F) 34,000 — 


Thermal Expansion (Wrought Alloy) 

Temp (“F) 

70-600 

70-800 

70-1000 

70-1200 

70-1500 

70-1600 


Mean Coefficient of Linear Expansion 
In/In/"F X 10-6 

6.41 

6.57 

6.66 

6.73 

6.96 

7.78 


Thermal Conductivity 


Temp (®C) 

Watts/sq cm/ 
cm/“C 

Temp (®F) 

BTU/s^(jn/in/ 

200 

0.122 

' 392 

85 

300 

.132 

572 

91 

400 

.142 

752 

98 

500 

.153 

932 

106 

600 

.164 

1112 

114 


“Hastelloy’’ B age-hardens because of the formation of complex inter- 
metallic compounds of Ni, Mo, and C. Heating the alloy at 760° C 
(1400° F) for one week produces a hardness of Rockwell C45 to C50. 
To minimize the possibility of age-hardening in service, the alloy is given 
a heat treatment at 1065° C (1950° F) for 24 hrs. This stabilized struc¬ 
ture is shown in Fig. 7-1"^. The maximum hardness obtainable for this 
alloy is shown in the structure of Fig. 7-2 which represents the age-harden¬ 
ing occurring after an anneal at 732° C (1350° F) for one week. 

b* Alloy Hastelloy C*, The ‘Tlastelloy’’ C alloy contains approxi¬ 
mately 15 per cent Cr, 17 per cent Mo, about 60 per cent Ni, and small 
percentages of W, Fe, and V. The presence of Cr makes this alloy resistant 
to oxidizing and reducing atmospheres up to 1150° C (2100° F). It finds 
use in furnace components operating up to 1093° C (2000° F), for conveyor 
belts up to 950° C (1750° F) and in carburizing equipments Forging is 
possible in the range of 1038 to 1204° C (1900 to 2200° F)^. The elevated- 
temperature properties of alloy “Hastelloy’’ C are shown in Table 7-2. 

II. Alloys Containing Approximately 75 Per Cent Ni. 

An important series of high-Ni alloys for high-temperature service are 

* Haynes Stellite Co. 
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those containing approximately 75 per cent Ni. These are known as the 
'TnconeP' series* in the United States and as the '‘Nimonic^^ seriesf in 
England. Unlike many austenitic alloys, these high-Ni alloys are precipi- 



Fig. 7-1. “Hastelloy” B stabilized structure annealed 24 hrs. at 1065° C (1950° F). 
Etched with chrome regia. Magnification lOOX. (After Badger and Sweeney) 



Fig. 7-2. “Hastelloy” B age hardened structure. Annealed 1 week at 732° C 
(1350° F). Etched with chrome regia. Magnification lOOX. (After Badger and 
Sweeney) 

tation-hardened due to the presence of a number of elements in very small 
percentages. 

a. ^‘Inconer^ X. The alloy 'Tnconel” X contains 73 per cent Ni, 15 
per cent Cr, 7 per cent Fe, with small additions of Cb, Ti, and AP. It is 
available in sheet form for manifold assemblies, tail pipes, and other com- 


* International Nickel Company 
t Mond Nickel Company 
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ponents. It is recommended for all services up to 815° C (1500° F) and 
under certain conditions may be satisfactory at temperatures as high as 


Table 7-2. Elevated-temperature Properties op Alloy “Hastelloy*’ C^* ® 
Chemical Composition 

C Mo Fe W Cr V Ni 

0.04-0.15 15-1$ 4.5-7 3.75-5.25 13-15.5 0.2-0.4 55-60 (bal) 

Room-temperature Density: 8.94 gm/cm^ 

Short-time Tensile Properties (Precision-cast and Wrought) 


Test 

Tensile 

Prop. 

Yield 

Strength. 

0.1% 

Yield 

Strength, 

0.2% 


Red. 

Young’s 

Temp., 

Strength, 

Limit 

Strain 

Strain 

Elong. 

of Area, 

Modulus of 

CC) 

rF) 

(psi) 

(psi) 

(psi) 

(psi) 

% in 2-^ 

(%) 

Elasticity 

Room 

Room^ 

81,200 

35,600 

As-Cast 

48,600 

50,800 

10.2 

12.2 

24.5 X 10« 

538 

1000' 

67,000 

— 

— 

— 

12.5 

14.9 

— 

650 

1200' 

62,100 

__ 

— 

— 

15.5 

15.7 

— 

815 

1500' 

56,700 

_ 

_ 

— 

18.2 

15.4 

— 

950 

1750' 

32,000 

— 


__ 

14.0 

49.0 

— 

1065 

1950' 

15,000 

— 

— 

— 

27.5 

60.0 

— 

Room 

Room2 

Sheet, 0.065 in. 
129,500 — 

thick, an 

nealcd at 2225° F 
54,000 37.5 

31.5 


650 

12002 

86,700 

— 

— 


22.0 

22.5 

— 

815 

15002 

50,700 

— 

__ 

— 

36.0 

45.5 

— 

926 

17002 

27,200 




40.5 

45.5 

— 

1038 

19002 

14,200 

— 

— 

— 

35.5 

39.5 

— 


(1) Averaged results on i-in. diameter precision-cast test specimens with 1-in. 
gage length. 

(2) Averaged results on sheet specimens with 2-in. gage length. Specimens were 
held at temperature J hour before testing. 


Stress-rupture Properties 

Test Temp., Condition 

815° C (1500° F) As-Cast 


Stress, psi for Rupture in 
10 Hours 100 Hours 1,000 Hours 

18,800 14,100 17,700 


Mean Thermal Expansion Coefficient (in per in. per ° F. X 10 ■®) 

70-600° F 70-800° F 70-1000° F 70-1200° F 70-1500° F 70-1600° F 
7.02 7.35 7.44 7.73 8.07 8.20 


Thermal Conductivity (Watts per sq. cm. per cm. per °C) 

200° C 300° C 400° C 500° C 600° C 

0.113 0.127 0.141 0.156 0.171 

(B.t.u. per sq. ft. per in. per hr. per °F) 

392° F 572° F 752° F 932° F 1112° F 

78 88 98 108 118 


870° C (1600° F). The fact that it contains no Co makes it an attractive 
substitute for Co-base alloys if this metal is not available. 
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Manufacturing and Heat Treatment 

^‘Inconel” X is poured in 5000-lb ingots, formed into billets of 3000 lbs, 
and subsequently forged and rolled. Forging is recommended in the range 
of 982 to 1218° C (1800 to 2225° F), the higher side of the range being 
required for larger forgings. In sheet form, “Inconel” X is supplied in a 
stress-relieved condition, which is accomplished by a heat treatment at 
1010° C (1850° F). After the sheet is fabricated, it is recommended that 
an aging heat treatment be given at 704° C (1300° F)^ 

Heat treatment for maximum strength in a service range below 538° C 
(1000° F) is as follows: Heat to 900° C (1650° F) for 20 hours, and air- 
cool or furnace-cool; age at 704° C (1300° F) for 20 hours. This rather 
low solution heat treatment at 900° C (1650° F) maintains a small grain 
size and provides a material suitable for use in rotors, bolts, and springs. 

Heat treatment for maximum creep resistance above 538° C (1000° F) 
requires the following procedure: Heat to 1150° C (2100° F) for 2 to 4 
hours, and cool in air. Heat to 843° C (1550° F) for 24 hours, cool in air 
or allow the furnace to cool to the lower temperature. Age at 704° C 
(1300° F) for 20 hours, cool in air. The variation in hardness obtained 
by different heat treatments is shown in Table 7-3^. The elevated-tem¬ 
perature properties of alloy “Inconel” X, given in Table 7-3, indicate that 
the material maintains its strength well up to a temperature of 593° C 
(1100° F). Above this temperature, the stress-rupture values decrease 

Table 7-3. Elevated-temperature Properties of Alloy “Inconel’^ X®*® 
Chemical Composition 

C Mn Si Cr Ni Cb Ti A1 Fe 

0.04 0.50 0,40 15.0 73.0 1.0 2.5 0.7 7.0 

Melting Range: (1395-1425° C) 2540-2600° F 
Room-temperature Density: 8.3 gm/cm®; 0.3000 Ib/cu in 
Electrical Resistance: 122.8 microhms/cu cm 
Magnetic Permeability: 1.0028 
Hardness at Room Temperature 



Temp 




Condition 

(“C) 

m 

Treatment 

BHN* 

Rockwell 

Solution-treated 

1150 

2100 

4hrs, air-cooled 

140-180 

77Rb-8Rc 

Annealed 

1010 

1850 

30 mins, air-cooled 

140-180 

77Rb-8Rc 

Equalized 

900 

1650 

24 hrs, air-cooled 

140-230 

77Rb-21Rc 

Equalized and aged 

900 

1650 

24 hrs, air-cooled; 

320-400 

34Rc-42Rc 


704 

1300 

20 hrs, air-cooled 



Fully heat treated 

1150 

2100 

2-4 hrs, air-cooled; 

280-340 

28Rc.35Rc 


843 

1550 

24 hrs, air-cooled; 




704 

1300 

20 hrs, air-cooled 




BHN: Brinell Hardness Number. 
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Table 7-3 — Continued, 


Short-time Tensile Tests 


Condition 

Temp 

rc) m 

Tensile 

Strength 

(psi) 

Yield 

Strength 0.2% 
Strain 
(psi) 

Elong. 

%in2 

in 

Reduc¬ 
tion in 
Area 
(%) 

(a) 

26 

80 

167,000 

102,000 

21 

26 

(a) 

650 

1200 

120,000 

79,000 

11 

14 

(a) 

732 

1350 

93,000 

77,000 

6 

12 

(a) 

815 

1500 

60,000 

50,000 

19 

25 

(b) 

26 

80 

184,000 

132,000 

26 

41 

(b) 

482 

900 

164,000 

118,000 

25 

39 

(b) 

650 

1200 

142,000 

111,000 

12 

17 


(a) Hot-rolled 1150° C (2100° F) 4 hrs air-cooled 
Annealed 843° C (1550° F) 24 hrs air-cooled 
Annealed 704° C (1300° F) 20 hrs 

(b) Hot-rolled and aged at 704° C (1300° F) 


Stress Rupture 

Rupture Strength at 


Temp 

(^C) 

650 

' CV) 

1200 

100 hrs 
(psi) 

80,(X)0 

500 hrs ' 
(psi) 
72,000 

1000 hrs 
(psi) 

69,000 

732 

1350 

58,000 

48,000 

42,000 

815 

1500 

28,000 

21,500 

18,000 


Creep Strength 


Temp 

CO (“F) 

Stress 

(psi) 

0.00001%/hr 
('reep Rate 

Total Plastic 
Deformation 

100 hrs 1000 hrs 

Stress 

(psi) 

0.0001%/hr 

Creep Rate 

Total Plastic 
Deformation 

100 hrs 1000 hrs 

650 

1200 

48,000 

0.001 

0.010 

60,000 

0.030 0.18 

732 

1350 

30,000 

.001 

.015 

37,500 

.014 .20 

814 

1500 

15,000 

.001 

.20 

18,000* 

— — 

' Estimated: 

A test at 20,CH)0 gave 0.025 total plastic deformation in 100 hrs. 

Fatig 

lie 






Temp 

CO (“i'-^ 


10« Cycles 
(psi) 


10^ Cycles 
(psi) 

10® Cycles 
(psi) 

650 

1200 


67,800 


60,100 

53,800 

732 

1350 


51,500 


49,500 

48,500 

815 

1500 


53,0(K) 


39,500 

35,000 


Hot Impact Strength 


Charpy Impact Resistance, ft-lb 


Temp 


(°C) 

(°F) 

V Notch 

Room 

Room 

42 

204 

400 

68 

315 

600 

73 

538 

1000 

77 

650 

1200 

72 

732 

1350 

59 

760 

1400 

54 

815 

1500 

82 


Keyhole 

Notch 

36 


33 

28 


42 
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Table 7-3— Concluded. 


Thermal Expansion 


Temp (“F) 
100-200 
100-600 
100-700 
100-900 
100-1000 
100-1200 
100-1350 
100-1500 
100-1600 

Thermal Conductivity 

Temp 

Room 

900® C (1652® F) 


Mean Coefficient of Linear 
Expansion 
In/In/"FX10-« 

(from 3 melts) 

7.6 
7.8 
8.0 
8.1 
8.2 
8.4 

8.7 
9.0 
9.2 

BTU/sq ft/'T Cm-cm-scc Units 

87 0.03 

189 .065 


Moduli of Elasticity 


Temp 

Young’s Modulus 

Shear Modulus 

CC) 

CF) 

X 10* 

X io« 

26 

80 

31 

11 

260 

500 

28.7 

10.2 

538 

1000 

25 

9 

650 

1200 

23 

8.1 

732 

1350 

21 

— 

815 

1500 

18.5 

— 


to a value of 18,000 psi for a test period of 1000 hours at 815° C (15(X)° F). 
The results of fatigue tests shown in Fig. 7-3 and Table 7-3 are tentative 
as they represent only a comparatively few experiments. 

b. Alloy ‘‘Nimonic’’ 80. Alloy ^‘Nimonic^’ 80 containing approxi¬ 
mately 75 per cent Ni, 21 per cent Cr with A1 and Ti, is used Avidely in 
England for extremely severe service for turbine blading and other gas 
turbine components. Much of the information on manufacturing, heat 
treatment, and creep resistance remains on the restricted list and is not 
available for publication. 

B. Cast Ni-base Alloys 

A series of Ni-Fe-Cr alloys generally utilized as castings which have a 
Ni content varying from 33 to 68 per cent are included in this chapter, 
as it is this element which imparts the quality of a closely adherent scale 
as well as structural stability at elevated temperature. These alloys com¬ 
prise about one-half of all the cast heat-resistant metals manufactured and 
are widely used in furnace components. Their resistance to carburizing 
is excellent and it increases with the Ni content. The fact that the scale 
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formed is adherent makes them suitable for enamelling operations. These 
alloys high in Ni are more stable than the high-Cr alloys, Type HH, dis¬ 
cussed in a previous chapter, and are subject to less deterioration in the 
rapid heating and cooling occurring in many furnace parts^* 

I. Alloy Type HT 

This alloy ranges from 34 to 37 per cent Ni and 13 to 17 per cent Cr 
with a typical foundry analysis as follows^: 

C Mn 8i Ni Cr 

0.35-0.75 2.0 max 2.0 max 33-37 13-17 


Table 7-4. Elevated-temperature Properties Alloy “Nimonic” 80.* 
Chemical Composition 

C Mn Si Cr Ni A1 Ti 


0.04 0.56 0.47 21.18 74.23 0.63 2.44 


Manufacture 

These tests are taken from a heat melted in a 1000-lb Moore direct-arc furnace 
and cast into a 14-in sq ingot. Reductions consist of forging at 1226° C (2240° F) to 
3 by 3-in billets and rolling at 2240° to fi-in diameter bar stock. The alloy is heat- 
treated by heating at 1065° C (1950° F) 4 hours, followed by water-quenching. 
Room-temperature Densitxj: 8.192 gm/cm® 

Stress-rupture Tests 

Estimated Elong in 

Stress Rupture for Rupture in 

Temp 10 hrs 100 hrs 10 hrs 100 hrs 

815° C (1500° F) 29,000 17,200 2% 1.5% 


Impact Resistance 


Temp 

Room 

815° C (1-500° F) 


Charpy Impact Resistance, ft-lbs 
Keyhole 

Notch V Notch 

24 59 

23 — 


The composition limits of Ni and Cr are not critical except in the presence 
of hot gases. However, both C and Si are important in regard to ductility 
and high-temperature strength. This alloy remains consistently austenitic 
because of its high Ni content and is therefore free from the deterioration 
which may be caused by formation of a ferrite or a sigma phase. The pres¬ 
ence of N in amounts of 0.02 to 0.06 per cent, which is usual in foundry melt¬ 
ing practice, does not influence the properties of this alloy®. 

The effect of temperature on the short-time tensile properties of an alloy 
Type HT shown in Table 7-5 shows a strength of about 18,000 psi at 871° C 
(1600° F). The ductility on the basis of these short-time tests increases 
with increase in temperature. 

A comparison of two alloys. Types HT and HH in Table 7-6, indicates 
the life and elongation at fracture of stress-rupture tests conducted at 



Table 7-5. Short-time Tensile Properties op Allot Type HT.* 


'- 

— 

— 

-Composition, % 


-- 

c 


Mn 

Si 

Ni 

Cr 

N 

0.33 


0.60 

1.29 

35.8 

16.3 

0.04 

Temp 

“C “F 


Tensile Strength 
(psi) 

Elongation 
% in 2 in. 

Reduction in Area 
(%) 

26 

80 


68,750 


14.0 

18.9 

760 

1400 


34,800 


13.5 

18.5 

760 

1400 


34,380 


13.5 

20.4 

800 

1472 


27,560 


17.5 

29.3 

870 

1600 


19,350 


26.0 

42.3 

870 

1600 


18,200 


27.5 

35.0 

910 

1670 


15,100 


25.5 

40.2 

982 

1800 


10,850 


19.0 

40.3 

982 

1800 


10,700 


23.0 

31.4 

1040 

1905 


8,020 


30.0 

33.2 

1093 

2000 


5,720 


37.0 

45.1 

1250 

2282 


2,970 


42.5 

65.7 

Note: Rate of application of 

the load corresponds to a free crosshead speed of 0.03 

in. per min. 






Table 7-6. Comparative Stress-rupture Properties of 

Alloy Type HT and 




Alloy Type HH.* 


Alloy 

16% Cr-35% Ni (HT) and 26% Cr-12% Ni (HH) Alloys 
—• Composition, % -s 

C Mn Si Ni Cr N Structure 




26% Cr-12% Ni Series 


I1II-31 

0.31 

0.42 

0.42 11.4 

26.5 

0.07 

Partially Ferritic 

HH-42 

0.42 

0.45 

0.45 11.3 

26.1 

0.05 

Partially Ferritic 

HH-52 

0.52 

0.53 

0.47 11.4 

26.4 

0.07 

Wholly Austenitic 

HH-61 

0.61 

0.31 

0.48 11.4 

26.3 

0.07 

Wholly Austenitic 




16% Cr-35% Ni Series 


HT-35 

0.35 

0.67 

1.28 34.4 

16.0 

0.05 

Austenitic 

HT-36 

0.36 

0.81 

1.19 34.8 

16.0 

0.04 

Austenitic 

HT-44 

0.44 

0.74 

1.17 35.0 

16.2 

0.05 

Austenitic 

HT-47 

0.47 

0.82 

1.23 34.9 

16.0 

0.04 

Austenitic 

HT-56 

0.56 

0.71 

1.22 34.7 

16.4 

0.04 

Austenitic 

HT-56 

0.56 

0.80 

1.27 34.8 

15.9 

0.04 

Austenitic 

HT-61 

0.61 

0.76 

1.29 34.6 

16-1 

0.05 

Austenitic 

HT-70 

0.70 

0.81 

1.26 34.7 

16.5 

0.05 

Austenitic 

HT-92 

0.92 

0.78 

1.17 34.6 

16.2 

005 

Austenitic 

Alloy 


1400‘’F—20,000 psi. 

Life in Hours Elong.—% 

16-35 26-12 16-35 26-12 

1800“F—6000 psi 

Life in Hours Elong.—% 

16-35 26-12 16-35 26-12 

IIH-31 



3 

20 


3 ..56 

HT-35 


29 

16 




HT-36 


32 

23 


24 

9 .. 

HH-42 



10 

10 


21 .11 

HH-44 


60 

14 


70 

7 .. 

HT-47 


50 

14 


50 

6 .. 

HH-52 



36 

3 


52 .. 1 

HT-56 


37 

14 


22 

17 

HT-56 


52 

21 


52 

11 .. 

HH-61 



42 

2 


47 .. 2 

HT-61 


14 

19 




HT-70 


16 

19 




HT.92 


16 

19 



.. 
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1.0 

O.OOOl 


1000 Hours 
0.1 % Per Hr 


Fig. 7-5. Log-log plot of creep characteristics of 16% Cr 35% Ni 0.44% C alloy 
(Type HT-44.) (After Avery and Matthews) 



Fig. 7-6. Log-log plot of creep characteristics of 16% Cr 35% Ni 0.56% C alloy 
(Type HT-66). (After Avery and Matthews) 
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20,000 psi at 760° C (1400° F) and 6000 psi at 982° C (1800° F). The 
letters after each alloy designate the C content, and the series are arranged 
in increasing percentages of C. The HH Type, or 26 Cr-12 Ni alloy, shows 
a decrease in elongation with increase in C content. The HT Type, or 
16 Cr-35 Ni alloy, on the other hand, has a fairly constant elongation of 
14 to 23 per cent at 760° C (1400° F) regardless of the C content, and at 
982° C (1800° F) the elongation increases with C content. 

This tendency toward hot ductility as the C content increases is an out¬ 
standing factor in the suitability of the Type HT alloys for carburizing 



Fig. 7-7. Elevated temperature characteristics of 16% Cr 35% Ni alloys under 
constant temperature conditions. Type HT. (After Avery and Matthews) 

boxes, retorts and muffles subject to such atmospheres. This wholly 
austenitic alloy, although slow to absorb C compared to the ferritic alloys, 
will finally carburize up to 2 per cent C. The attainment of this propor¬ 
tion of C throughout the entire cross-section may be the signal for failure 
of furnace components in service®. 

The effect of increasing C content on the creep strength of alloy Type 
HT is shown in Figs. 7-4, 7-5, and 7-6. The low C content of 0.29 in Fig. 
7-4 indicates that creep strength is decreased with decrease in C. The 
alloys with 0.44 and 0.56 per cent C in Figs. 7-5 and 7-6, respectively, 
display better creep resistance. The combined high-temperature prop¬ 
erties of alloy Type HT are shown in Fig. 7-7 for short-time stress rupture, 
and creep strengths at temperatures of 815 to 1038° C (1500 to 1900° F). 
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A dotted curve recommending design stresses for this temperature range is 
also indicated on the graph^. These values derived from laboratory tests 
are considerably in excess of earlier values which have appeared in the 
literature. The values in Fig. 7-7 are based on a consideration of 50 per 
cent of a limiting creep stress for a deformation rate of 0.0001 per cent 
per hour. A useful life of 2 to 8 years (17,000 to 70,000 hrs) seems reason¬ 
able for furnace applications. The stresses to be used in design data 
must also be considered in the light of the decrease in ductility which 
occurs when materials are subject to low stresses over long periods. It is 


Table 7-7. Hot Hardness op 16% Cr 35% Ni Alloys* 

30-sec. load, mutual indentation method with 1-cm. dia. x 1-cm. cylinders 

Temperature—F: 75 1200 1400 1600 1800 


Load—Kilograms: 3000 2000 1500 1000 500 


Heat 

No. 

C 

-Chemical Analysis, % 

Mn Si Ni 

Cr 

”1^ 

Tens. Str.- 
R.T. 

-psi X 1000 
1800 F 

< 

-Brinell Hardness— 

—^ 

A 

0.50 

0.81 

1.34 

35.8 

15.3 

0.06 

68 

10.8 

169 

127 

86 

36 

32 

H 

0.52 

0.74 

0.53 

34.9 

15.2 

0.04 

67 

11.8 

167 

109 

97 

58 

37 

F 

0.49 

0.93 

0.93 

35.4 

15.2 

0.06 

65 

10.4 

166 

117 

86 

55 

34 

E 

0.54 

0.99 

0.91 

34.6 

15.1 

0.02 

64 

11.7 

169 

122 

101 

58 

40 

I 

0.46 

0.92 

0.92 

34.7 

15.7 

0.02 

65 

11.5 

167 

109 

82 

58 

43 

F 

0.49 

0.93 

0.93 

35.4 

15.2 

0.06 

65 

10.0 

168 

111 

82 

51 

34 


R.T. Room Temperature 


Heat 

No. 

E 

I 

J 

E 

I 

J 


Table 7-8. Charpy Impact Resistance of 16% Cr 35% Ni Alloys.* 


V-notchcd Charpy Specimens, Superheated 30 to 70 
Temperature Drop Before Impact 

-Chemical Analysis, %- n 

C Mn Si Ni Cr N Mo 


F to Compensate 

Impact in Ft-Lbs. 

^-Temperature, F-s 

75 1200 1400 1600 1800 


0.54 0.99 0.91 34.6 15.1 0.02 ... AsCast 

0.46 0.92 0.92 34.7 15.7 0.02 ... AsCast 

0.54 0.74 1.06 34.5 14.9 0.05 0.76 AsCast 

As Cast—Average 
(Same heats as above except 
aged 48 Hrs, at 1600 F 
before testing.) 

Aged 1600 F—48 Hrs.—Average 


3.5 6.0 6.5 7.0 7.5 

5.5 8.5 10.5 11.0 13.5 

3.0 7.0 7.0 7.5 10.0 

4.0 7.0 8.0 8.5 10.5 

3.5 6.5 6.0 6.5 7.0 

7.0 10.0 10.5 13.0 12.0 

4.0 7.0 7.5 7.0 7.5 

5.0 8.0 8.0 9.0 9.0 


here that the danger of extrapolation of the data on the time axis must not 
be overlooked. 

In Tables 7-7 and 7-8 the hot hardness and Charpy impact resistance 
for various temperatures are given. 

Stmimary 

The creep strength of the HH Type alloy, 16 per cent Cr-35 per cent Ni 
ranges from about 8000 psi at 760^0 (1400° F) to 180 psi at 1176° C 
(2150° F) for a minimum creep rate of 0.0001 per cent per hour. The 
presence of C does not reduce hot ductility. A Si content of 0.5 to 1.5 per 
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cent is recommended for the usual furnace construction but 1.5 to 2.3 per 
cent Si helps prevent carburization in conjunction with C. Temperature 
fluctuations above 815° C (1500° F) may lower the safety factor involved 
in allowable working stresses. The HT Type alloy remains austenitic and 
is therefore less sensitive to changes in composition and manufacturing 
conditions than the HH Type alloy*. The scaling resistance of these 
alloys will be shown in a later chapter. 

II. Alloys Types HU, HW, and HX 

These alloys are similar to Type HT except that Ni and Cr are uni¬ 
formly increased as follows^: 


Type 

c 

Mn 

Si 

Cr 

Ni 

HU 

0.35-0.75 

2.0 max 

2.5 max 

17-21 

37-41 

HW 

.35- .75 

2.0 max 

2.5 max 

10-14 

58-62 

HX 

.35- .75 

2.0 max 

2.5 max 

15-19 

64-68 


The increase in Ni content of the above alloys decreases the tendency 
to carburization and increases the resistance to thermal shock. Higher Cr 
contents increase resistance to oxidation at the higher temperatures. All 
these alloys with higher percentages of Cr and Ni are only substituted for 
the Type HH where demands of service are severe, since their cost is higher. 
Type HU has about the same properties at elevated temperature as Type 
HT but its corrosion resistance is superior. Types HW and HX do not 
warp or crack on repeated heating and cooling and give excellent service 
where carburization is severe. They also withstand cyanide salts, temper¬ 
ing salts, and molten Pb. 
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Chapter 8 

Non-Commercial Alloys 


A. Conditions for Conducting Tests. From 1940 through the 
war years, government-sponsored research investigated thousands of alloy 
compositions in an effort to find materials suitable for high-temperature 
service. The problem at first was to find a material to function at 815°C 
(1500°F) with a creep rate of 0.00001 per cent per hour under a stress of 7000 
psi. Later the temperature range for study became 732 and 870°C (1350 
and 1600°F) and subsequently materials to operate at 1093°C (2000®F) 
were included. 

Due to the pressure of the war effort and the many unknown variables 
which determine flow properties of metals in these high-temperature 
ranges, certain stages of the investigations concentrated on alloy composi¬ 
tion in the hope that by some miracle, a specific material with superior 
creep strength and corrosion resistance would be evolved. It so happened 
that the results probably justified the means of a trial and error method, in 
that several alloy compositions showed remarkable properties. In the 
exceptionally wide range of alloys in both the forged and cast states, an 
attempt was made to evaluate the effect of each element by small incre¬ 
ments with the remaining constituents held constant. No discussion of 
metals for high-temperature service is complete unless it takes into account 
the extensive investigations undertaken under government sponsorship, 
and it is for this reason that the results are presented herewith in consider¬ 
able detail. 

I* Limitations 

a. Composition. In examination of the data, it is important to appre¬ 
ciate some of the limitations which characterize the results of the tests. 
The compositions are for the most part nominal as the raw materials are 
not themselves pure. The Co contains 98.5 dz 0.3 per cent Co; Ni and 
Fe are also present as impurities. The Cr contains 98 rt 0.5 per cent Cr 
with Fe as the chief impurity. The ferroalloys contribute a number of 
impurities such as N, which is present in the ferrochromium. In the Co-Cr 
base alloys, up to 2 per cent Ni and 0.5 per cent Fe may be present, but 
$ire not shown in the nominal composition®. The variation in composition 

35Q 
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may therefore be considerable and yet in many instances, the effect may 
not be great. It is known, however, that the effect of small changes in C 
and N are especially important in determining formability of the alloy and 
its physical properties at high temperatures. 

b. Melting and Casting, For the most part, the heats in these labora¬ 
tory tested compositions are very small, varying from 2 to 5 lbs. This 
again is a necessary concomitance justified by the expensive ingredients 
and the thousands of heats produced. Control of composition and dupli¬ 
cation of results are therefore necessarily limited. In the series of alloys 
cast by the precision investment method, the small melting furnaces are 
provided with about 5 to 15 lbs air pressure. Such melting practice does 
not give sufficient pressure to fill a refractory mold at room temperature. 
As a result, the molds are preheated and the metal cools slowly after being 
poured. Slow cooling rates obviously produce coarse-grained castings. 
The effect of grain size on stress rupture and creep strength was not appre¬ 
ciated until 1945 after much of the experimental data on these alloys had 
been reported. This lack of control of pouring temperature and cooling 
rate must be taken into consideration in an appraisal of the results of 
many of these tests. 

Subsequently, the effect of mold temperature on the more promising 
alloy systems is reported as follows: If the mold is held at a constant 
temperature of lOlO^C (1850°F), a uniform grain size is produced in a wide 
group of refractory alloys, such as '‘Vitallium’’ with varying C content, 
the Cr-Ni-Co-Fe series of alloys, and several others. If the mold tempera¬ 
ture is varied over a range from 100 to 1010°C (1850®F), the grain size in¬ 
creases from 30 to 40 grains per inch to 4 or 5 grains per inch. This grain- 
size variation versus mold temperature is established for several alloy series. 
Variations in grain size versus high temperature properties are considered 
under the section on design data^ * 

11. Effect of Minor Elements 

C is the chief element which in variations of as small as 0.1 per cent 
influences the stress rupture and creep properties. It will be seen from the 
data in this chapter that C increasing through a specified range strengthens 
the alloy for high-temperature service. The presence of C also decreases 
formability and may require a change in the method of manufacturing from 
forging to casting. In alloys where the C content is specified in 2 decimal 
places, this figure represents an actual analysis; otherwise, it may only be 
nominal. 

Nitrogen is especially effective in changing the forging properties of 
alloys high in Cr. For compositions containing 20 per cent Cr which are 
not protected by slags, N is dissolved from the atmosphere up to 0.07 per 
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cent. The effect of N depends upon the presence of nitride-forming ele¬ 
ments. The relation of C is also important, as an increase in this element 
decreases the solubility of N. 

The effect of Mn is important especially in the Co-Cr-Mo series of 
alloys. The effect of Si in amounts of 2 to 4 per cent is important. When 
Si is present in amounts of less than 1 per cent, its influence is uncertain^. 

B. Properties of the Laboratory Series, Non-Commercial 
Alloys 

The compositions selected for tests cover several extensive ranges within 
which the minor elements are varied in small increments. One classifica¬ 
tion is the broad composition of alloys, either forged or cast, with Fc 
present in amounts of about 20 to 35 per cent. These are called the Ni-Cr- 
Co-Fe base alloys and may have 20 per cent Ni, 20 per cent Cr and 20 
per cent Co. By far the larger group of compositions, however, have a 
base of 30 per cent Ni, 20 per cent Cr and Co up to 20 per cent. The 
second large classification is the alloys whii^h are tested only in the cast 
state and which contain Co in amounts greater than ()0 per cent, about 
20 per cent Cr, while Fe is present only as an impurity. For the most part 
these alloys are too brittle to be forged, especially because of their higher C 
contents. The numbers placed before the letter in the compositions listed 
under the two broad alloy classifications indicate the C content. This 
value represents the results of chemical analysis. The other figures or 
alloy composition not in bold face are only nominal. 

I. Ni-Cr-Co-Fe Base Alloys 

a. Forged Series. This series of alloys with a composition as shown in 
Table 8-1 have less than 0.2 per cent C, except for a few which have as 
high as 0.45 per cent C, The lower-C range is designed to retain hot- 
forming properties. They all contain about 30 per cent Ni, 20 per cent 
Cr, 4 to 6 per cent Mo with or without Ta, Cb, W and N. Certain composi¬ 
tions also contain small proportions of elements such as V, Zr, and B as 
age-hardeners. 

Stress-Rupture Properties. This series of forged Ni-Cr-Co-Fe base 
alloys receives in all cases a heat treatment of wate'r-quenching from a 
solution treating temperature of 1150 to 1260°C (2100 to 2300®F). Tem¬ 
pering subsequently at 815°C (ISOO'^F) for 50 hrs is optional. The time for 
rupture of this series, shown in Table 8-2 for a test temperature of 815°C 
(1500°F), is shown for two loads, namely, 15,000 and 20,000 psi. At 
15,000 psi, alloy MT-llA quenched from 1260°C (2300°F) lasts the 
longest, 936 hours, with an elongation at fracture of 9.2 per cent^. 

Creep Properties. Creep test results at 815®C (1500°F) for loads of TOQQ 
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to 10,000 psi for the forged series are presented in Table 8-3. For the 
standard set of 7000 psi at 815°C (1500°F) with a creep rate of 0.00001 per 
cent per hr, only alloy TE meets the requirements 


Table 8-1. Non-commercial Alloys Tested in the Forced and Heat-treated 

Condition^ 


(Boldface values are analyzed, others are nominal values) 


Alloy 

C 

Mn 

Si 

N-i 

Ni 

cr 

Co 

Mo 

Ta 

Cb 

w 

Others 

TA (1) 

0.10 

0.7 

1.0 

0.143 

30.0 

... . 

20.0 


6.0 

2.97 

5.10 


TA (2) 

0.09 

0.7 

1.0 

0.15 

30.0 

20.0 


6.0 

4.07 

5.25 



TB (1) 

0.06 

0.7 

0.5 

0.135 

29.7 

19.76 

21 

5.6 

2.77 




TB (2) 

0.09 

0.7 

0.5 

0.15 

30.0 

20.0 

21 

6.0 

2.10 




TC (1) 

0.11 

1.3 

1.2 

0.10 

28.9 

19.97 

20 

5.5 


5.22 



TC (2) 

0.14 

0.9 

1.5 

0.15 

30.0 

20.0 

20 

6.0 


5.78 



TD (1) 

0.12 

0.7 

1.0 

0.15 

30.0 

20.0 

18 

6.0 

2.75 

4.20 



TE (1) 

0.09 

0.7 

0.5 

0.137 

30.0 

20.0 


4.0 

1.90 


4.10 


TF (1) 

0.09 

0.4 

0.9 

0.15 

29.2 

20.0 


4.08 


4.47 

3.60 


TG (1) 

0.09 

0.7 

1.0 

0.15 

30.0 

20.0 

• 

4.0 

1.97 

4.04 

4.00 


TAA(l) 

0.10 

0.7 

1.0 

0.15 

30.0 

20.0 


6 0 

1.92 

4.10 

1 

SX (1) 

0.07 

0.7 

1.0 

0.15 

27.5 

17.5 


6.0 


4.19 



SY (1) 

0.15 

0.7 

0.5 

0.12 

35.0 

12.5 

23 

5.0 



2.50 


BY (2) 

0.21 

0.7 

0.5 

0.12 

35.0 

12.5 

23 

5.0 



2.20 


SZ (1) 

0.07 

0.5 

0.5 

0.143 

29.5 

20.0 


6.1 

1.15 




TE-O 

0.04 

0.7 

0.7 

0.15 

30.0 

20.0 


4.0 

3.67 


3.87 


TE-Cl 

0.23 

0.7 

0.7 

0.15 

30.0 

20.0 


4.0 

3.26 


3.87 


TE-C2 

0.45 

0.7 

0.6 

0.15 

30.0 

20.0 


4.0 

3.32 


3.87 


TE-OA 

0.07 

0.7 i 

0.5 

0.15 

30.0 

20.0 

j 

4.0 

5.83 


4.00 


TE-OB 

0.09 

0.7 1 

0.5 

0.15 

30.0 

20.0 


4.0 1 

3.51 


4.00 


I'E-OC 

0.08 

0.7 

0.5 

0.15 

30.0 

20.0 


4.0 : 

4.48 


4.00 


TE-T 

0.09 

0.7 

0.5 

0.15 

30.0 

20.0 


4.0 

7.64 


4.00 


MT-1 

0.08 

1.0 

1.0 


30.0 

20.0 

5 

6.0 

1.00 

2.00 

4.00 

0.5 V. 0.5 Zr. 0.5 U 

MT-2 

0.33 

2.0 

1.0 ! 


30.0 

20.0 

5 

6.0 

1.00 

2.00 

4.00 

same 

MT-3 

0.33 

2.0 

1.0 


30.0 

20.0 

5 

6.0 

1.00 

2.00 

4.00 

.same -f- 2 Ti 

MT-4 

0.34 

2.0 

1.0 


30.0 

20.0 

5 

5.0 

1.00 

2.00 

4.00 


MT-6 

0.34 

2.0 

1.0 


30.0 

20.0 

5 

5.0 

1.00 

2.00 

4.00 

0.5 V 

MT-6 

0.34 

2.0 

1.0 


30.0 

20.0 

5 

5.0 

1.00 

2.00 

4.00 

15 V. 1.5 Ti 

MT-7 

0.34 

2.0 

1.0 


30.0 

20.0 

5 

5.0 

1.00 

1.00 

4.00 


MT-7 

0.34 

2.0 

1.0 


30.0 

20.0 

5 

5.0 

1.00 

2.00 

4.00 

0.5 V. 1.5 Ti. 0.1 B 

MT-8 

0.33 

2.0 

1.0 

0.15 

31.0 

21.0 


4.0 

2.1 


4.00 


MT-9 

0.37 

2.0 

1.0 

0.15 

31.0 

21.0 

5 

4.0 

1.95 


4.00 


MT-10 

0.37 

2.0 

1.0 

0.15 

30.0 

20.0 

5 

4.0 

1.70 

0.92 

4.00 


MT-11 

0.43 

2.0 

1.0 

0.15 

30.0 

20.0 

11 

4.0 

1.59 

0.92 

4.00 1 

MT-llA 

0.28 

1.0 

0.5 

0.15 

30.0 

20.0 

12 

4.0 

2.43 

0.78 

4.00 


MT-12 

0.16 

1.0 

0.5 

0.15 

30.0 

20.0 

12 

4.0 

6.35 


4.00 


MT-13 

0.11 

1.0 

0.5 

0.15 

30.0 

20.0 

12 

4.0 

3.0 


4.00 


MT-14 

0.11 

1.0 

0.5 

0.15 

30.0 

20.0 

12 

4.0 

2.77 

1.29 

4.00 



b. Cast Series. The cast Ni-Cr-Co-Fe base alloys have a wider variation 
in composition than the forged series. The Ni content varies from 20 to 
31 per cent, the Cr from 15 to 21 per cent and the Co from 0 to 21 per cent. 
Since the alloys are cast, the C content varies from 0.15 to 1.56 per cent 
and for most of the alloys is about 1 per cent. The composition ranges are 
shown in Table 8-4^. The cast alloys are water-quenched between 1150 
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Table 8-2. Rupture Test Results at 815°C (1500°F) on Forged Bars* 


Alloy 

Heat 

Treatment* 

Aging 

Treatment* 

Stress 

Psi 

iours to 
‘'racture 

Elong. 

in 2 " 

R. A. 

% 

Creep Rate % 
per hr 

Total 

Min. 

TB 

2200" WQ 

50 hr 1500" 

20.000 

14.0 

13.2 

14.9 

0.94 



2200" WQ 

50 hr 1500" 

20,000 

11.0 

15.8 

14.1 

1.43 



2250“ WQ 

50 hr 1500“ 

15,000 

100.0 

17.8 


0.178 


TE 

2200" WQ 

50 hr 1500" 

20.000 

15.5 

19.8 

30.0 

1.27 



2200" WQ 

50 hr 1500" 

20,000 

13.5 

30.8 

26.7 

1.60 



2300" WQ 

None 

20,000 

52.4 

12.1 

17.3 

0.23 



2200" WQ 

50 hr 1500“ 

15,000 

213.0 

20.2 


0.093 



2300" WQ 

None 

15,000 

380.0 

17.2 

27.3 

0.046 


TE-0 

2200" WQ 

50 hr 1500" 

20,000 

21.5 

7.9 

6.4 

0.37 



2200“ WQ 

50 hr 1500" 

20,000 

13.8 

35.9 

20.9 

2.82 


TE-OA 

2150“ WQ 

50 hr 1500" 

20,000 

7.5 

29.2 

29.6 

3.90 



2150" WQ 

50 hr 1500" 

20,000 

6.5 

49.8 

29.0 

7.70 



2250“ WQ 

50 hr 1500" 

20,000 

9.0 

18.1 

17.2 

2.01 



2250" WQ 

50 hr 1500" 

15,000 

105.0 

17.2 

15.1 

0.16 


TE-OB 

2200" WQ 

60 hr 1500" 

20,000 

14.0 

17.2 

21.6 

1.23 



2250" WQ 

None 

20,000 

24.5 

11.8 

18.0 

0.46 



2300" WQ 

None 

20,000 

39.6 

8.8 

11.1 

0.22 



2250" WQ 

None 

15,000 

120.0 

14.0 

14.7 

0.116 


TE-OC 

2200" WQ 

50 hr 1500" 

20,000 

13.5 

30.8 

25.5 

2.28 



2250" WQ 

None 

20,000 

15.0 

15.2 

20.3 

1.01 



2250" WQ 

None 

15,000 

110.0 

23.4 

19.6 

0.212 


TE-T 

2150" WQ 

50 hr 1500" 

20,000 

6.0 

36.2 

24.5 

6.04 



2250" WQ 

50 hr 1500" 

20,000 

8.0 

25.0 

20.3 

3.12 



2250" WQ 

50 hr 1500" 

15,000 

36.02 

2.2 

14.5 

0.61 


TE-Cl 

2200" WQ 

50 hr 1500" 

20,000 

18.5 

2.6 

3.2 

0.14 



2200" WQ 

50 hr 1550" 

20,000 

4.3 

19.8 

27.0 

4.65 



2200" WQ 

None 

20,000 

11.5 

18.4 

19.7 

1.60 


SX 

2200" WQ 

50 hr 1500" 

20,000 

4.5 

14.5 

26.8 

3.22 


SY 

2200" WQ 

50 hr 1500" 

20,000 

6.0 

6.6 

4.8 

1.10 


SZ 

2200" WQ 

50 hr 1500" 

20,000 

17.0 

19.8 

18.2 

1.17 



2200" WQ 

50 hr 1500" 

20,000 

10.0 

13.2 

23.2 

1.32 


MT-2 

2200" WQ 

60 hr 1500" 

20,000 

11.0 

18.3 

41.5 

1.66 



2200" WQ 

None 

20,000 

13.0 

27.6 

47.5 

2.12 



2000" WQ 

None 

20,000 

6.5 

30.6 

4^4 

4.70 


MT-4 

2200" WQ 

60 hr 1500" 

20,000 

7.0 

33.0 

33.5 

4.70 



2250" WQ 

60 hr 1550" 

20,000 

13.0 

21.0 

27.2 

1.62 



2250" WQ 

60 hr 1600" 

16,000 

68.0 

22.4 


0.34 


MT-5 

2200" WQ 

60 hr 1600" 

20,000 

9.0 

13.2 

28.0 

1.47 



2260" WQ 

60 hr 1560" 

20,000 

8.0 

14.2 

34.8 

1.78 



2200" WQ 

50 hr 1500" 

16,000 

27.0 

28.2 

23.6 

1.05 
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Table 8-2 Continued 


Alloy 

Heat 

Treatment^ 

Aging 

Treatment^ 

Stress 

Psi 

Hours to 
Fracture 

Elong. 

% 

in 2'' 

R. A. 

% 

Creep Rate % 
per hr 

Total 1 Min. 

MT-8 

2200® WQ 

50 hr 1500® 

20,000 

11.0 

10.5 

14.8 

0.95 



2200® WQ 

None 

20,000 

8.0 

16.1 

11.6 

2.01 



2200® WQ 

50 hr 1500® 

15,000 

157.0 

14.0 

12.8 

0.089 


MT-9 

2200® WQ 

None 

20.000 

27.0 

11.7 

8.0 

0.43 



2200® WQ 

None 

20,000 

30.0 

7.0 

7.2 

0.23 



2200® WQ 

50 hr 1500" 

20,000 

16.0 

7.9 

7.6 

0.49 


MT-10 

2100® WQ 

50 hr 1500" 

20,000 

8.5 

31.0 

31.3 

3.65 



2100® WQ 

None 

20,000 

7.0 

23.6 

22.8 

3.37 



2100® WQ 

50 hr 1600" 

15,000 

79.0 

44.5 

31.3 

0.56 


MT-U 

2100" WQ 

50 hr 1500" 

20,000 

20.0 

21.4 

22.5 

1.07 



2100® WQ 

None 

20,000 

22.0 

24.2 

23.2 

l.Ol 


MT-llA 

2150" WQ 

50 hr 1500" 

20,000 

10.6 

25.6 

36.1 

2.41 



2200" WQ 

None 

20,000 

20.0 

37.2 

25.7 

1.86 



2300® WQ 

None 

20,000 

60.5 

2.6 

3.6 

0.04 



2200" WQ 

None 

15,000 

119.0 

21.8 


0.183 



2300" WQ 

None 

15,000 

936.0 

9.8 

9.6 


0.0065 

MT-12 

2150" WQ 

50 hr 1500" 

20,000 

17.0 

30.5 

22.1 

1.79 



2150" WQ 

None 

20,000 

24.5 

16.6 

15.2 

0.68 



2200" WQ 

None 

20,000 

16.72 

16.2 

13.4 

0.97 



2300® WQ 

None 

20,000 

25.0 

8.0 

8.0 

0.32 



2300" WQ 

None 

20,000 

24.3 

16.5 

10.0 

0.68 



2300" WQ 

None 

20,000 

122.0* 

15.9 

14.7 

0.13 



2150" WQ 

None 

15,000 

85.0 

24.2 


0.284 


MT-13 

2150" WQ 

50 hr 1500® 

20,000 

10.5 

26.5 

30.0 

2.52 



2200" WQ 

None 

20,000 

17.0 

43.5 

25.5 

2.56 



2300® WQ 

None 

20,000 

31.0 

18.5 

14.0 

0.60 



2200® WQ 

None 

15,000 

211.0 

24.8 


0.12 



2300" WQ 

None 

15,000 

210.02 

19.1 

15.6 

0.09 


MT-14 

2150® WQ 

None 

20,000 

31.5 

23.3 

15.7 

0.74 



2300® WQ 

None 

20,000 

36.3< 

31.5 

22.0 

0.87 



2300® WQ 

None 

20,000 

58.6 

20.0 

14.0 

0.34 



2150® WQ 

None 

15,000 

116.0 

26.1 


0.23 



1 All temperatures in ®F. 

* Failed in fillet. 

> Temperature 25*F high. 

♦ Temperature 25®F low. 


and 1260°C (2100 to 2300°F) and for the most part are not aged except 
for a few which are tempered at 815 to 871®C (1500 to IGOO^F) for 24 or 200 
hours. 

Stress-Rupture Properties, The results of stress-rupture tests at 815®C 
(1500®F) to 982®C (1800°F) for loads of 15,000 to 30,000 psi are given in 
Table 8-5. At 815°C (1500^F) and 15,000 psi, the best alloy is 93N-2 
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with a time of 3450 hours for fracture. At 815°C (1500°F) and 20,000 
psi alloys 93N.2, 108N-2, lllN-2, 104NT-2, 109N-1, and 92NT-2 all 
last for more than 1000 hours. The elongation is low, not over 3.3 per 
cent, in all these alloys under the condition of test mentioned. This is 
typical of cast materials compared to forged. The NT-2 series is promising 
enough to show at 926 and 982°(' (1700 and 1800°!^'). At 982°C (1800°F) 


Table 8-3. Creep Tests on Forged Alloys at 815°C/ (1500°F) 


Alloy 

Heat 

Treatment* 

Aging 

Treatment* 

Load 

Psi 

Total ('reep 

j Elong. 
Hours! in. per 
' in. 

Minimum Creep Rate 

Hours ! Pet per hr 

Remarks 

TB 

2200“ WQ 

50 lir 1500“ 

10.(M)0 

186 

.0614 

0 186 

0.033 

Discontinued 


2200“ WQ 

50 hr 1500“ 

7.(XK) 

2015 

.0333 

1370 2015 

0.00190 

Final 

TE 

2200“ WQ 

50 hr 1500“ 

10,000 

221 

.0238 

0 221 

0.010 

Discontinued 


2200“ WQ 

50 hr 1500“ 

7,000 

2435 

.00248 

1370 2435 

0.00006 

Final 


2200“ WQ 

50 hr 1500“ 

7,000 

2360 

.00104 

14(M) 2360 

0.000014 

Final 


2200“ WQ 

50 hr 1500“ 

8,500 

2110 

.00133 

1380 2110 

0.000031 

Final 


2300“ WQ 

None 

8,500 

2100 

.00095 

1000-2100 

0.000010 

Fi nal 

TK 0 

2200“ WQ 

60 hr 1500“ 

7,000 

2100 

.00131 

1000-2100 

0.000006 

Final 


2250“ WQ 

50 hr 1500“ 

8,500 

2000 

.00115 

1200 2000 

0.000023 

I'inal 

TE-OB 

2250“ WQ 

50 hr 1500“ 

7,000 

600 

.00245 

200-600 

0.000214 

Discontinued 

SX 

2200“ WQ 

50 hr 1500“ 

10,000 

219 

.0520 

0 219 

0.024 

Discontinued 

SY 

2200“ WQ 

50 hr 1500“ 

10,000 

170 

.0168 

Forge eriick failure 



2200“ WQ 

50 hr 1500“ 

7,000 

270 

.0009 

120 270 

0 00032 

P'orge crack 

sz 

2200“ WQ 

j 

50 hr 1500“ 

10,000 

171 

.1581 

0-171 

0.092 

Discontinued 

MT-llA 

2300“ WQ 

j None 

8,500 

2200 

.0020 

1400-2200 

0.00006 

Final 


! 2300“ WQ 

j None 

10,000 

1400 

.00030 

500'1400 

O.OOOOOP 

Final 

MT-12 

2150“ WQ 

1 None 

1 7,000 

! 500 

1 

.00276 

100 500 

0.00032 

Discontinued 

MT-13 

2200“ WQ 

1 

1 None 

7,000 

1 2000 

i 

1 .00205 

1200-2000 

0.000027 

Final 

MT-14 

2150“ WQ 

None 

7,000 

i 1000 

1 .00178 

500-1000 

0.000065 

Discontinued 

MT-14 

2300“ WQ 

None 

j 8,500 

1 1780 

1 .00450 

j Power interruptions 

Discontinued 


> All temperatures in *F. 
* 1 in. gage length. 


and 13,000 psi, alloy 97NT-2 has a life of 490 hours and 3 per cent elonga¬ 
tion at fracture^. 

Creep Strength. The creep strength of the cast Ni-Cr-Co-Fe base alloys 
at 815 and 871°C (1500 and 1600®F) is shown in Table 8-6. Alloys 30TA-1 
and 15TG-1, containing no Co, are included to indicate the lower values 
associated with this omission. Results are shown here for the better 









Table 8-4. Composition of Cast Alloys Tested* 


Alloy 

C 

Mn 

Si 

N* 

Ni 

Cr 

Co 

Mo 

Ta 

Cb 

W 

30TA-1 

0.38 

0 7 

1 

0.12 

30 

20 


6 

4.07 

5.25 


24TA-1 

0.24 

0.7 

1 

0.12 

30 

20 


6 

4.07 

5.25 


17TA-1 

0.17 

0.7 

1 

0.122 

30 

20 


6 

4.07 

5.25 


24TD-1 

0.24 

0.7 

1 

0.1.5 

30 

20 

18.0 

6 

2.75 

4.20 


22TD-1 

0.22 

0.7 

1 

0.15 

30 

20 

18.0 

6 

2.75 

4.20 


18TD-1 

0.18 

0.7 

1 

0.15 

30 

20 

18.0 

6 

2.75 

4.20 


18TG-1 

0.18 

0.7 

1 

0.168 

30 

20 


4 

1.97 

4.04 

4 

16TG-1 

O.LS 

i 0.7 

1 

0. 149 

30 

20 


4 

1.87 

4.04 

4 

16TG-2 

0.15 

0.7 

1 


30 

20 


i 4 

! 4 

4 

4 

I7TG-2 j 

0.17 

0.7 

> i 

30 i 

20 


! 4 

4 

4 

4 

13TKOB-1 

0.13 

0.7 

1 i 0 1.5 

30 

20 


! 4 

3.51 


4 

42 M T9 1 ! 

8.42 : 

2.0 

1 ; 0.12 

31 , 

21 ! 

5.0 

i 4 

1.95 


! ^ 


N-2 Sori<*s of Alloys 

(Uiih'SH othorwis*' iiulicatcMl tho analysos an* fho .saino as thf* first listed) 


Alloy 

(' 

Mn 

Si 


Xi 

Cr 


Mo 

Ta 

Cb 

w 

19N-2 

0.19 

1.5 

1.0 


30 

21 

21 

1 

3.0 : 

1.0 

2.2 

SON-2 

0..59 







I 



r)lN -2 

0.61 










86N-2 

0.86 



0.063 







87N-2 

0.87 










03N-2 

0.93 



0.069 




1 



104N-2 

1.04 



0.072 







I08N-2 

1.08 










inN-2 

1.11 



0.063 







115N-2 

1.15 










151N-2 

1 .51 










I56N-2 

I .56 



0.0.52 










P-2 

.Series 

of Allov 

s 





Alloy 

C' 

.\In 

Si 

x> 

Xi 

Cr 

Co 

Mo 

Ta 

Cb 

W 

30P-2 

0.30 

1.5 

1.0 


21 

21 

21 

3.0 

1.0 

2.2 

95 P-2 

0.95 










116P-2 

1.16 










117P-2 

1.17 













S-2 ami 

SA 2 S 

*ries of 

-Alloys 





Alloy 1 

c I 

Mn 

_i 

Si ' 

N-i 

Xi ' 

Cr i 

1 

Co 

Mo 

Ta 

I Cb 

! 

W 

40S-2 1 

0.40 

0. : 

0.4 ; 


20 

15 ' 

20 

4.0 

! 4.0 

4.0 

76S-2 

0.76 





15 





SOS-2 

0.80 





15 


1 


• 

37SA-2 

0.37 





20 





82SA-2 

0.82 





20 

1 



1 




M 

1 S(*ries 

of Alloys 





Alloy 

C 

Mn 

i 

i Si 1 

j 1 

X2 

Ni 

Cr 

Co 

Mo 

Ta 

Cb 

i 

W 

75M-1 

0.75 

1.0 

; 0.6 i 

0.15 

30 

20 

12 

4.0 

2.0 

1.0 

4.0 

107M-1 

1.07 







. 1 . 



123.M-1 

1.23 







• 




126M-1 

1.25 


j 









136M-1 

1.36 




1 
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METALS AT HIGH TEMPERATURES 


Table 8-4. Continued 


NT-2 Series of Alloys 


Alloy 

C 

Mn 

Si 

Ni 

Ni 

Cr 

Co 

Mo 

Ta 

Cb 

W 

32NT-2 

0.32 

1.5 

1.0 


30 

20 

21 

3.0 

2.0 


2.2 

8 aNT .2 

0.86 











92NT-2 

0.92 


.... 









93 NT-2 

0.93 



0.070 








94NT-2 

0.94 


. . 









96 NT-2 

0.96 

(mold casting temp, at 2250®) 






97NT-2 

0.97 



0.057 








102NT-2 

1.02 











104NT-2 

1.04 



0.066 








107NT.2 

1.07 



• • 








112NT-2 

1.12 


.... 










N-1 Series of Alloys 


Alloy 

C 

Mn 

s“ 

N2 

Ni 

Cr 

Co 

Mo 

Ta 

Cb 

W 

102N.1A 

1.02 

1.5 

1.0 

0.093 

30 

20 

21 

0.0 


1.0 

2.2 

89N-1B 

0.89 



0.097 


.... 

.... 





105N-1B 

1.05 

• 










109N-1B 

1.09 



0.120 








121N-1B 

1.21 



0.090 








124N-1B 

1.24 



0.085 








134N-1B 

1.34 



0,090 


. 






106N-1C 

1.06 



0.076 








107N-1C 

1.07 

1 


0.086 








lUN-lC 

1.14 



0.110 






1 .... 


IION-ID 

1.10 



0.089 








IIIN-ID 

1.11 



0.085 








116N-1D 

1.15 


.... 0.083 








122N-1D 

1.22 


0.133 








128N-1B 

1.28 


... 0.105 

(cast into a room temp, mold) 




NT-IB Series of Alloys 


Alloy 

C 

Mn 

Si 

N2 

90NT-1B 

0.90 

1.5 

1.0 

0.110 

93NT-1B 

0.93 



0.101 

94NT-1B 

0.94 



0.090 

99NT-1B 

0.99 



0.071 

lOlNT-lB 

1.01 




102NT-1B 

1.02 



0.081 

103NT-1B j 

1.03 




IIINT-IB 

1.11 



0.112 

116NT-1B 

1.15 



0.096 

124NT-1B 

1.24 



0.097 


Ni 

Cr 

Co 

Mo 

Ta 

Cb 

W 

30 

20 

21 

3.0 

2.0 

.... 


2.2 


alloy series, namely, N-1, N-2, and NT-2. These selected alloys tested 
at 815°C (1500°F) and 10,000 to 15,000 psi have creep rates of 0.00002 
per cent per hour. 

In Table 8-7 the results of analyses for nitrogen are shown on a number of 
alloys in the N-1, N-2, NT-1, and NT-2 series. Melting in the arc furnace 
used in these experimental heats results in O.OG per cent nitrogen on the 





















































































Table ^-6. Rupture Tests on Cast Ni-Cr-Co-Fe Base Alloys at 815°C (1500®F) 
TO 982®C (1800®F) at Stresses from 15,000 to 30,000 psi* 

Aging Treatment: None unless otherwise specified as follows: 

(1) Aged 24 hrs at 815°C (1500°F) 

(2) Aged 24 hrs at 843°C (1550°F) 

(3) Aged 24 hrs at 870°C (1600°F) 

(4) Aged 200 hrs at 815°C (1500‘^F) 

Test Temperature: 815°C (1500°F) except as follows: 

(5) Tested at 870°C (1600°F) 

(6) Tested at 926°C (1700°F) 

(7) Tested at 982°C (1800°F) 


Alloy 1 

Heat Treatmentt 

Stress Psi 

Hours to Fracture 

% Elong. 
in 2 ^ 

% R. of A. 

%/Hr. Min. 
Creep Rate 

30TA-1 

2250, WQ 

20,000 

33.8 

10.7 

19.2 



2300, WQ 

20,000 

11.5 

1.3 

2.2 



2250, WQ 

15,000 

256.0 

14.1 

23.4 


24TA-1 

2250, WQ 

20,000 

35.0 

12.1 

17.6 



2250, WQ 

15,000 

232.0 

13.5 

18.2 


17TA-1 

2300, WQ (1) 

20,000 

0.3 

Recrystallization at 2300° 


2300, WQ 

20,000 

2.5 

> Fjscc 

other poor results 


2300, WQ (1) 

20,000 

0.5 

J at 2300°F in this series. 

24TD-1 

2250, WQ 

20,000 

31.0 

8.1 

27.8 



2300, WQ 

20,000 

54.3 

6.0 

27.0 



2350, WQ 

20,000 

17.1 

4.1 

13.2 



2300, WQ 

15,000 

420.0 

11.2 

24.5 


18TD-1 

2300, WQ 

2300, WQ 

20,000 

20,000 

0 

0 

jRecrysi 

allizatio 

tl 

18TG-1 

2300, WQ 

20,000 

62.0 

16.8 

30.6 

0.040 


2300, WQ (3) 

20,000 

40.0 

14.2 

24.1 


15TG-1 

2300, WQ (2) 

20,000 

10.0 

14.5 

20.4 



2300, WQ (1) 

20,000 

23.3 

15.4 

20.6 


15TG-2 

2300, WQ 

20,000 

16.8 

12.9 

24.0 


17TG-2 

2300, WQ 

20,000 

22.0 

16.0 

21.3 



2300, WQ 

20,000 

19.0 

17.1 

9.8 



2250, WQ 

20,000 

28.0 

12.5 

14.8 


13TEOB-1 

2300, WQ 

20,000 

42.0 

10.0 



42MT9-1 

2300, WQ 

20,000 

1.5 

Recrystallized 



2250, WQ 

20,000 

204.6 

4.6 

1 4.4 

0.017 


2280, WQ 

20,000 

>240.0 

Incomplete 

0.023 


2280, WQ 

20,000 

198.6 

7.1 

2.4 


19N-2 

2260, WQ 

30,000 

1.2 

14.4 

11.8 

10.0 


2250, WQ 

20,000 

68.5 

16.0 

15.8 

0.047 


2300, WQ 

20,000 

60.8 

11.4 

7.6 


61N-2 

2250, WQ 

30,000 

21.3* 

7.0 

3.0 



2260, WQ 

30,000 

28.6 

5.6 

1.7 

0.073 


2250, WQ 

20,000 

341.0 

7.8 

2.4 

0.017 

86N-2 

2250, WQ 

30,000 

55.0 

4.8 

2.0 

0.036 


2250, WQ 

30,000 

47.5 

4.0 

1.0 

0.036 


2250, WQ 

30,000 

69.5 HP 

4.8 

2.0 

0.041 


2250, WQ (4) 

20,000 

828.0 

3.1 

1.7 

0.0020 
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METALS AT HIGH TEMPERATURES 


Table 8-5. Continued 


Alloy 

Heat Treatmentt 

Stress Psi 

Hours to Fiacture 

% Elong. 
in V' 

% R. of A. 

%/Hr. Min. 
Creep Rate 

87N-2 

2300, WQ 

20,000 

0.2 

Hecryst 

allizatiol 

n 


2300, OQ 

20,000 

191.8 

4.0 

1.6 



2280, WQ 

20,000 

>281.5 

Incomplete 



2250, WQ 

20,000 

960.0 

3.6 

1.6 

0.0018 


2250, WQ 

15,000 

>3450.0 

Discontinued 

0.00015 

93N-2 

2250, WQ 

30,000 

101.2 

7.1 

1.6 

0.035 


2250, WQ (4) 

30,000 

22.3 

5.4 

4.4 



2250, WQ 

20,000 

12(K).0 

3.5 

0.5 

0.0007 

104N-2 

2260, WQ 

30,000 

72.0 

4.6 

1.0 

0.037 


2260, WQ 

30,000 

44.5* 




108N-2 

2250, WQ 

20,000 

>590.0 

Broke in ^rip failure 


2250, WQ 

20,000 

1080.0 

1.8 

0.0 

0.00050 

lllN-2 

2250, WQ 

30,000 

27.2 

7.2 

3.2 



2250, WQ 

30,000 

52.7 

6.0 

1.0 

0.027 


2250, WQ 

20,000 

1841.0 

3.3 

0.5 

0.00027 

115N-2 

2260, WQ 

30,000 

52.7 

4.0 

1.0 

0.027 


As cast 

30,000 

7.0 

12.0 

7.8 

1.71 

151N-2 

2250, WQ 

30,000 

9.1 

2.5 

2.3 

0.30 


2250, WQ 

30,000 

9.5 

4.7 

2.0 

0.30 

156N-2 

2300, WQ 

20,000 

112.3 

Hecrystallization 


2250, WQ 

20,000 

534.0 

3.0 

0.5 

0.0040 


2300, WQ 

15,000 

293.0 

3.5 

Recrystallization 

30P-2 

2250, WQ 

30,000 

4.7 

5.0 

2.0 

1.00 


2260, WQ 

30,000 

2.8 

4.0 

2.0 



2250, WQ 

20,000 

155.0 

8.0 

2.5 

0.035 

95P-2 

2260, WQ 

30,000 

30.7 

3.0 

1.0 

0.072 


2260, WQ 

30,0(X) 

32.0 

2.5 

1.0 

0.050 

117P.2 

2260, WQ 

30,000 

70.6 

1.6 

0.8 

0.020 

116P-2 

2260, WQ 

20,000 

885.0 

2.8 

0.5 

0.015 

40S-2 

2250, WQ 

30,000 

4.6 

4.0 

0.5 



2250, WQ 

20,000 

174.5 

8.9 

1.3 

0.013 

76S-2 

2250, WQ 

30,000 

15.1 

4.0 

1.0 


80S-2 

2250, WQ 

30,000 

11.1* 





2300, WQ 

30,000 

0.0 

Recrystallization 


2250, WQ 

20,000 

302.5 

2.0 

0.5 

0.0054 

37SA-2 

2260, WQ 

30,000 

2.0 

8.0 

3.7 

4.0 


2260, WQ 

30,000 

2.0 

11.2, 

6.1 



2260, WQ 

30,000 

2.0 IIP 

6.4 

8.6 


82SA-2 

2250, WQ 

30,000 

5.4 

2.4 

1.0 

0.136 


2260, WQ 

30,000 

3.3 HP 

1.5 

0.5 



2250, WQ 

25,000 

22.7 

2.8 

0.5 


75M-1 

2300, WQ 

30,000 

0.0 

Recrystallization 


2280, WQ 

30,000 

17.0 

2.4 

1.0 


107M-1 

2280, WQ 

30,000 

0.5 

Appears recrystallized 


2260, WQ 

30,000 

15.7 

1.5 

0.5 



2260, WQ 

30,000 

26.3 HP 

4.8 

2.4 

0.015 
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Table 8-5. Continued 


Alloy 

Heat Treatmentf 

123M-1 

2320, WQ 

2300, WQ 
2250, WQ 
2300, WQ 
2280, WQ 

125M-1 

2260, WQ 
2260, WQ 

136M-1 

2260, WQ 

32NT-2 

2260, WQ 
2300, WQ 
2280, WQ 
2250, W(J 
2300, OQ 

2250, OQ 

86NT-2 

2250, WQ 
2275, WQ 

92NT-2 

2260, WQ 
2250, WQ 
2250, WQ 
2260, WQ 

93NT-2 

2260, WQ 
2200, WQ 
2100, WQ 

94NT-2 

2260, W(J 
2200, WQ 
2100, WQ 
2100, WQ 
2100, WQ 

97NT-2 

2260, WQ 
2260, WQ 
2260, WQ 
2200, WQ 
2260, WQ (6) 
2260, WQ (6) 
2260, WQ (6) 
2260, WQ (6) 
2260, WQ (7) 
2260, WQ (7) 
2260, WQ (7) 
2260, WQ (7) 
2260, WQ (7) 

99NT-2 

2260, WQ 
2260, WQ 
2200, WQ 
2260, WQ (5) 


Stress Psi 1 

1 

Hours to Fracture 1 

30,000 

! 

4.7 

30,000 

88.0 

30,000 

31.3 

20,000 

6.8 

20,000 

848.0 

30,000 

38.5 

30,000 

34.6 

30,000 

5.7* 

30,000 

2.0 

20,000 

0.0 

20,000 

182.0 

20,000 

295.0 

20,000 

0.2 

15,000 

056.0 

30,000 

55.0 

20,000 

898.0 

30,000 

52.8 

30,000 

51.8 

25,000 

300.5 

20,000 

1606.0 

30,000 

76.2 

30,000 

40.2 

30,000 

23.5 

30,000 

80.0 

30,000 

45.5 

30,000 

29.7 

25,000 

211.S 

25,000 

116.6 

30,000 

79.8 

30,000 

90.0 

25,000 

489.0 

25,000 

310.0 

27,000 

1.4 

19,000 

88.0 

17,000 

134.5 

15,000 

412.0 

21,000 

1.4 

15,000 

48.6 

14,000 

61.0 

13,000 

490.0 

11,0(K) 

329.5 

30,000 

100.5 

25,000 

542.4 

25,000 

412.3 

20,000 

289.0 


% Elong. 
in 2^^ 

Vo R. of A. 

%/Hr. Min. 
Creep Rate 

Appears 

recrysta 

ilized 

3.6 

0.5 

0.040 

8.8 

5.6 


Recrystallized 


1.5 

0.5 

0.0011 

5.6 

1.2 

0.027 

4.0 

1.0 

0.050 

2.5 

0.5 

.... 

Recryst 

allized 


1.5 

1.6 


8.5 

2.5 

0.023 

Recrystallized 


5.6 

1.0 

0.00206 

5.0 

2.0 


6.0 

1.6 


4.0 

1.6 

0.032 

5.6 

1.2 

0.050 

3.0 

1.6 

0.0023 

3.0 

1.0 

0.00035 

5.3 

2.8 

0.026 

6.0 

2.3 

0.073 

0.2 

9.0 

0.333 

4.8 



5.7 

3.2 

0.075 

9.7 

4.3 

0.320 

4.7 

2.6 

0.0081 

7.0 

5.1 

0.032 

4.8 

2.2 

0.034 

5.7 

4.0 

0.021 

3.1 

1.3 

0.0017 

4.0 

1.3 

0.0078 

22.0 

18.3 

.... 

7.0 

11.5 

.... 

5.0 

8.5 


2.0 

3.9 


20.0 

34.0 


8.0 

12.1 


3.0 

7.1 


3.0 

4.9 


4.0 

10.9 


4.3 

1.2 

0.013 

3.2 

1.8 

0.0041 (?) 

3.5 

2.0 

0.0028 

2.0 

1 

0.0195 







262 


METALS AT HIGH TEMPERATURES 


Table 8-5. Continued 


Alloy 

Heat Treatmentf 

Stress Psi 

Hours to Fracture 

% Elong. 
in 2^ 

% R. of A. 

%/Hr. Min. 
Creep Rate 

102NT-2 

2260, WQ 

30,000 

105.0 

5.2 

1.2 

0.017 


2260, WQ (5) 

30,000 

17.2 

6.3 

4.1 

0.230 


2260, WQ (5) 

25,000 

148.0 

2.8 

1.2 

0.012 


2260, WQ (5) 

20,000 

805.0 

2.8 

1.0 

0.0013 

104NT-2 

2260, WQ 

30,000 

69.3 

6.8 

1.6 

0.030 


2260, WQ 

30,000 

100.0 HP 

4.0 

1.7 

0.021 


2260, WQ 

20,000 

2100.0 

3.3 

1.2 

0.00026 

107NT-2 

2260, WQ 

30,000 

61.0 

5.6 

2.4 

0.033 


2260, WQ 

30,000 

86.4 IIP 

4.8 

1.6 

0.028 

112NT-2 

2260, WQ 

30,000 

85.0 HP 

5.0 

2.8 

0.029 

102N-1 

2260, WQ 

30,000 

70.7 

4.0 

1.0 

0.025 


As cast 

30,000 

6.5 

10.4 

7.3 

1.60 

89N-1 

2250, WQ 

30,000 

39.5 

4.6 

1.3 

0.036 


2250, WQ 

30,000 

38.0 

4.0 

1.0 

0.036 


2260, WQ 

30,000 

47.3 IIP 

4.0 

1.7 

0.046 


As cast 

30,000 

10.3 

14.2 

7.8 

1.38 

109N-1 

2260-i-WQ 

30,000 

69.4 

7.2 

2.5 

0.035 


2260-1-WQ 

30,000 

68.0 

6.4 

1.7 

0.063 


2260-2-WQ 

30,000 

43.0 

5.6 

2.0 



2260, WQ 

20,000 

2240.0 

3.3 

1.0 

0.00008 

121N-1 

2260, WQ 

30,000 

44.0 

4.8 

2.4 

0.075 


2260, WQ 

30,000 

72.0 IIP 

6.5 

3.3 

0.054 


2260, WQ 

30,000 

92.7 

5.6 

2.8 

0.034 

124N-1 

2260, WQ 

30,000 

35.2 

6.5 

3.5 

0.154 

134N-1 

2260, WQ 

30,000 

48.2 

8.8 

4.8 

0.091 

106N-1 

2260, WQ 

30,000 

80.0 

4.8 

2.0 

0.032 


2260, WQ 

25,000 

377.0 

4.0 

1.0 

0.0028 

107N-1 

2260, WQ 

30,000 

56.7 

5.2 

3.2 

0.051 


2260, WQ 

30,000 

52.4* 

3.2 

2.0 

0.047 


2260, WQ 

30,000 

53.4 

4.3 

1.6 

0.029 

114N-1 

2260, WQ 

30,000 

32.6* 

5.6 

2.5 

0.101 

llON-1 

2260, WQ 

30,000 

105.0 

5.6 

1.4 

0.019 


2260, WQ 

25,000 

411.3 

3.3 

1.0 

0.0028 


2260, WQ 

25,000 

364.0 

3.0 

0.8 

0.0026 

lllN-1 

2260, WQ 

30,000 

79.4 

5.2 

2.0 

0.042 


2260, WQ 

30,000 

62.0* 

3.1 

1.8 

0.028 


2260, WQ 

25,000 

349.5 

2.8 

1.8 

0.0021 

116N-1 

2260, WQ 

30,000 

124.7 

4.3 

2.4 

0.019 


2260, WQ 

20,000 

257.3 

4.3 

1.0 

0.020 

122N-1 

2260, WQ 

30,000 

23.0 

5.6 

3.6 


90NT-1 

2260, WQ 

30,000 

20.3 

4.8 

2.4 



2260, WQ 

30,000 

35.5 

5.6 

4.0 



2260, WQ 

30,000 

3.5* 




93NT-1 

2260, WQ 

30,000 

65.3 

6.2 

1.8 

0.045 

94NT-1 

2260, WQ 

30,000 

. 72.0 

6.1 

2.4 

0.045 


2260, WQ 

25,000 

315.0 

3.0 

2.0 

0.0028 


2260, WQ 

25,000 

365.6 

3.0 

1.0 

0.0056 
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Table 8-5— Continued 


Alloy 

Heat Treatmentf 

Stress psi 

Hours to Fracture 

% Elong. 
in 

% R. of A. 

%/Hr. Min. 
Creep Rate 

99NT-1 

2260, WQ 

30,000 

154.0 HP 

4.0 

1.6 

0.015 


2260, WQ 

30,000 

50.8 HP 

2.8 

2.0 

0.046 


2260, WQ 

25,000 

200.0 HP 

2.5 

0.5 

0.0064 

lOlNT-1 

2260, WQ 

30,000 

101.3 

6.1 

4.6 

0.027 


2260, WQ 

30,000 

97.9 

6.4 

2.4 

0.034 


2260, WQ (5) 

25,000 

98.0 

4.8 

1.6 

0.021 


2260, WQ (5) 

20,000 

400.0 

3.2 

1.2 

0.0010 

102NT-1 

2260, WQ 

30,000 

42.3 

5.6 

2.0 

0.040 


2260, WQ 

30,000 

50.0 

4.0 

2.0 

0.042 


2260, WQ 

30,000 

89.8 

4.4 

3.1 

0.019 

103NT-1 

2260, WQ 

30,000 

27.7 

3.2 

2.4 


lllNT-1 

2260, WQ 

30,000 

34.6* 

4.0 

2.0 



2260, WQ 

30,000 

18.5* 

<2.0 




2260, WQ 

30,000 

9.5* 

<1.0 



115NT-1 

2260, WQ 

30,000 

60.1 

7.5 

4.5 

0.085 


2260, WQ 

25,000 

200.0 

4.0 

2.0 

0.011 


2260, WQ 

25,000 

294.8 

3.5 

1.6 

0.0036 

124NT-1 

2260, WQ 

30,000 

41.0 

7.2 

5.2 

0.126 


2260, WQ 

30,000 

27.3 IIP 

7.0 

5.7 

0.204 


2260, WQ 

25,000 

209.0 

4.6 

3.1 

0.015 

102NA-2 

2260, WQ 

30,000 

29.4 

! 5.7 

4.9 



2260, WQ 

30,000 

63.8 

6.5 

4.4 

0.060 

lOlNA-2 

2260, WQ 

30,000 

25.5 

7.0 

6.8 



2260, WQ 

30,000 

22.7 

4.0 

3.6 


94NC-2 

As cast 

30,000 

8.5 

22.3 

12.7 



As cast 

30,000 

7.5 

10.4 

12.9 



2260, WQ 

30,000 

28.0 

5.7 

3.6 

0.115 


2260, WQ 

30,000 

15.3 

4.1 

5.2 



* Failure occurred in the fillet section. 

HP These letters following the hours-to-rupture figure indicate that thespecimen 
was highly polished prior to testing instead of testing with the as-cast and sand¬ 
blasted surface. 

t All temperatures in °F. 


average. Additional nitrogen raises the value to a maximum of 0.095 per 
cent. With increase in C content, the solubility of nitrogen decreases. 
In the lower C ranges, the presence of nitrogen increases creep strength. 
A carbon range of 1.0 to 1.5 per cent is recommended for these alloys. 

In comparing alloys of the same composition in the forged and cast states, 
the forged alloys in many cases have the higher ductility in stress-rupture 
tests. The cast alloys have longer life to rupture in spite of their lower 
ductility. This is shown for the forged alloy MT-9 in Table 8-10 at 815^^0 
(1500°F) 20,000 psi, with a rupture life of 27 hrs and 11.7 per cent elonga¬ 
tion. The cast alloy 42MT9-1 in Table 8-5 at 815°C (1500°F) and 20,000 
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psi has a rupture life of 204.6 hrs and an elongation of 4.6 per cent. In this 
alloy, there is a marked difference between the microstructures of the cast 
and forged states which may account for some of the differences in proper¬ 
ties. A comparison of the forged alloy TE-OB in Table 8-2 with the cast 
alloy 13TEOB-1 in Table 8-5 at 815°C (1500°F) and 20,000 psi does not 
show very different properties. 

n. Co-Cr-Mo Base Alloys, Cast 

These alloys are selected on the basis of improving the highly successful 
“Vitallium”, especially by increasing the C content. They contain a 


Table 8-6. Creep Rests Results at 815°C and 871°C (1500 and 
1600°F) on Ni-Cr-Co-Fe Base Alloys^ 

Temperature of Test: 815°C (1500°F) except as follows; (1) 870°C (1600°F) 


Alloy 

Heat 

Treatmentf 

Load 

Psi 

Total Creep 

Minimum Creep Rate 

Remarks 

Hours 

Elong. 

In./ln. 

Hours 

%/Hr. 

30TA-1 

2250, WQ 

7,000 

670 

0.00350 

200-670 

0.000198 

Discontinued 

15TG-1 

2300, WQ 

8,500 

650 

0.00215 

200-650 

1 0.000130 

Discontinued 

61N-2 

2260, WQ 

10,000 

1030 

0.00118 

200-1030 

0.0000023 

Holder failed. Final 

93N-2 

2250, WQ 

12,000 

2030 

0.00155 

1100-2030 

0.000007 

Final 

93N-2* 

2260, WQ 

13,500 

2230 

0.0020 

1600-2230 

0.000012 

Final 

108N-2 

2260, WQ 

13,500 

2230 

0.0023 

1300-2230 

0.00002 

Final 

108N-2 

2260, WQ 

15,000 

1700 

0.0035 ' 

800-1700 

0.000012 

Holder failed. Final 

151N-2 

2260, WQ 

12,000 

800 

0.0037 

300-800 

0.00012 

Discontinued 

116P-2 

2260, WQ 

12,000 

2000 

0.0033 

1200-2000 

0.000028 

Final 

104NT-2 

2260, WQ 

13,500 

2500 

0.0016 

1600-2500 

0.000019 

Final 

104NT-2 

2280, WQ 

15,000 

2400 

0.0022 

1400-2400 

0.000030 

Final 

112NT-2 

2260, WQ 

16,000 

650 

Poor temperature 

control 

Discontinued 

121N-1 

2260, WQ 

15,000 

2600 

0.0018 

1400-2600 

0.00001 

Final 

99NT-1 

2260, WQ 

15,000 

2100 

0.0023 

1100-2100 

0.000024 

Final 

lOONT-2 

2260, WQ 

15,000 

1500 

0.0023 

600-1500 

0.000028 

Final 

lOONT-2 

2260, WQ a) 

10,000 

2520 

0.0020 

1300-2500 

0.000019 

Final 

102NT-2 

2280, WQ (1) 

10,000 

2320 

1 0.0029 

1100-2320 

0.000057 

Final 

102NT-2 

2260, WQ (1) 

12,000 

2000 

0.0030 

900-2000 

0.000103 

Final 


t Temperatures °F 


minimum of 61 per cent Co, in all cases 23 per cent Cr and 6 per cent Mo. 
The compositions of the V-2, V-1, VN, VT, etc. series are given in Table 
8-8^. For the most part they are tested in the cast condition except for 
those with the lower C contents, which may be aged. ' 

StresS'Rupture Properties. These alloys are so strong at 815°C (15(X)°F) 
that a load of 25,000 psi results in a life of over 1000 hours for alloys 
111VT2-2, 113VT2-2, and 108VTN2-2. Elongations at fracture vary from 
3.9 to 7 per cent, as shown in Table 8-9^. 

Creep Properties. The minimum creep rate of alloy 111VT2-2 shown in 
Table 8-10 at 815°C (1500°F) and a load of 13,500 psi is 0.000034 per cent 
per hour. 
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Table 8-7. Results of Analysis for Nitrogen^ 


Alloy 

%N2 

Added 

Analyzed 

Alloy 

%Nj 

Added 

Analyzed 

%N, 

%0 

%N2 

%0 

86N-2 

0 

0.063 

.0.013 

93NT-2 

0 

0.070 

0.005 

93N-2 

0 

0.069 

0.010 

97NT-2 

0 

0.057 

0.005 

104N-2 

0 

0.072 

0.013 

99NT-2 

0 

0.057 

0.004 

lUN-2 

0 

0.053 

0.005 

104NT-2 

0 

0.066 

0.009 

156N-2 

0 

0.052 

0.()2() 

90NT-1* 

0.15 

0.110 

0.011 

102N-1 

0.08 

0.093 

0.005 

93NT-1 

0.15 

0.101 

0.005 

89N-1 

0.15 

0.097 

0.008 

94NT-1 

0.15 

0.090 

0.004 

109N-1 

0.15 

0.120 

0.006 

99NT-1 

0.15 

0.071 

0.006 

121N-1 

0.15 

0.090 

0.005 

102NT-1 

0.15 

0.081 

0.006 

124N-1 

0.15 

0.085 

0.005 

lllNT-1 

0.15 

0.112 

0.009 

134N-1 

0.15 

0.090 

0.005 

115NT-1 

0.15 

0.096 

0.005 

106N-1 

0.20 

0.076 

0.005 

124NT-1 

0.15 

0.097 

0.005 

107N-1 

0.20 

0.086 

0.005 





114N-1* 

0.20 

0.110 

0.004 





llON-1 

0.23 

0.089 

0.007 





lllN-1 

0.23 

0.085 

0.006 





115N-1 

0.23 

0.083 

0.007 





122N-1* 

0.23 

0.133 

0.005 





128N-1 

0.23 

0.105 

0.006 






* Hot top or riser of casting was very badly puffed up, indicating that nitrogen 
wiis still in excess of the solubility and was in the process of being released by the 
alloy. 


Average Nitrogen Content (in %) of the N-2 and NT-2-Type Alloys 


N-2 

N-l 

N-l i 

N-l 

(No Nj Added) 

(0.08 and 0.15% Added) 

(0.20% Added) 

(0.23% Added) 

0.072 

0.090 

0.076 

0.089 

0.053 

0.090 

0.086 ! 

0.083 

0.063 

0.120 

0.110 

0.085 

0.052 

0.*085 


0.133 

0.065 

0.097 

0.091 avg. 

0.105 


0.093 



0.061 avg. 



0.099 avg. 


0.096 avg. 



NT-2 (No N 2 Added) 

NT-1 (0.15% Ni Added) 

0.070 

0.057 

0.101 

0.090 

0.057 

0.066 

0.081 0.097 0.096 

0.062 avg. 

0.093 avg. 


As a result of the laboratory tests described in this chapter, the series of 
alloys giving the most promise are the cast Ni-Cr-Co-Fe base alloys N-2, 






Table 8-8. “Vitallium^* Base Cast Alloys* 


(Unless otherwise indicated, the analyses are the same for the entire 
series, as shown by the first in each group) 


Alloy 

C 

Na 

Cr 

Co 

Mo 

Others 

84V-2 

0.84 


23 

69 

6 

None 

89V-2 

0.89 






90V-2 

0.90 






93V-2 

0.93 

0.064 





94V-2 

0.94 






llOV-2 

1.10 






112V-2 

1.12 






116V-2 

1.16 






127V-2 

1.27 






133V-2 

1.33 






134V-2 

1.34 






147V-2 

1.47 







V-I Series 


Alloy 1 

c 

N* 

Cr 

Co 

Mo 

Others 

82V-1 

0.82 

0.118 

23 

62 

6 

6 Fe (0.15 N 2 added) 

114V-1 

1.14 

* 

23 

69 

6 

(Nz gas bubbled in) 

116V-1 

1 1.16 

0.086 

23 

68 

6 

(0.04 N 2 added) 



VN Series 



Alloy 

C 

Na 

Cr 

Co 

Mo 

Others 

104VN2-2 

1.04 


23 

67 

6 

2Ni 

95VN8-2 

0.96 


23 

61 

6 

8Ni 


VT Series 


Alloy 

C 

Na 

Cr 

Co 

Mo 

Others 

40VT2-2 

0.40 


23 

67 

6 

2Ta 

70VT2-2 

0.70 






77VT2-2 

0.77 






91VT2-2 

0.91 






95VT2-2 

0.96(No.l) 






95VT2-2 

0.96(No.2) 






96VT2-2 

0.96 






99VT2-2t 

0.99 





_ 

100VT2-2tt 

1.00 






101VT2-2 

1.01 

.... 





102VT2-2* 

1.02 

! 




..... 

103VT2-2** 

1.03 






111VT2-2 

1.11 

0.062 





113VT2-2 

1.13 






117VT2-2 

1.17 






120VT2-2 

1.20 






125VT2-2 

1.26 






117VT4-2 

1.17 


23 

65 

6 

4Ta 
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Table 8-8 —Concluded 
Other Alloys 


Alloy 

C 

Nj 

Cr 

Co 

Mo 

Others 

85VB-2 

0.86 


23 

67 

6 

0.5 Boron added as FeB 

97VZ2-2 

0.97 


23 

67 i 

6 

2 Zr 

109VW2-2 

1.09 


23 

67 

6 

2 W 


t Mold temperature at 1500°F 
tt Mold temperature at 2250°F 

* Fine tungsten powder spray applied to wax pattern before investing 
** Mold temperature at 75°F (room temperature) 

NT-2 and the cast '‘Vitallium” base alloys, VT2-2 series. The VT-2 series 
with 1 per cent C has a higher rupture strength at 815°C (1500°F), but is 
weaker than the VT-2 series at 982^0 (1800°F). The creep strength of the 
N-2 series is greater at 815 and 871*^0 (1500 to IGOO^F). The microstruc¬ 
ture of both alloys consists of a network structure of carbides in an austeni¬ 
tic matrix. Increase of C from 0.2 to 1.5 per cent results in an increase in 
the network structure which corresponds in a general way with increase in 
rupture strength. 

III. Chromium-base Alloys 

In any survey of metals for use at temperatures in the range of 871^C 
(IGOO^'F), both availability and cost of the alloy are factors. For large- 
scale production the extensive application of rare or noble metals is elimin¬ 
ated. Thus, for the qualities of high melting point and stability at 871 °C 
(IGOO^F), consideration must be given to alloys based on the metals W, Mo, 
or Cr. Alloys of W in combination with Cr are not practical, as they are 
extremely fragile, and W-base alloys are difficult to melt and cast*. 

Cr as a base for heat-resistant alloys is attractive because of its oxidation 
resistance, high strength at elevated temperatures, and lower specific 
gravity than the Co-base alloys. Some of the properties of Cr which are 
of importance in its resistance to heat are as follows*; 

Properties of Chromium 

Melting point 1890°C ± 10 (3430°F ± 20) 

Hardness at 70°F—108-193 Brinell 
at 1600°F—142 DPT! 

Density 7.138 gm per cu cm 

Coefficient of Thermal Expansion 3.2 X 10"® to 5.7 X 10"® from 70°F to 1290°F 
Stress rupture at 1600°F, at 20,000 psi, time for rupture 1 min, elong. 3.5%, reduction 
of area 3.7% in 1 inch gage length. 

Oxidation resistance: Similar to that of 24 per cent Cr steel. The loss in weight ^"hen 
heated in air at 1600°F is 0.00338 gm per sq in per 100 hr. 
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Table 8-9. Stress-Rupture Test Results at 815 to 982®C (1500 to 
1800°F) at Various Stresses for “Vitallium” Type Alloys^ 
Aging Treatment: None unless otherwise specified as follows: 

(1) Aged 24 hrs at 732°C (1350°F) 

(2) Aged 50 hrs 815°C (1500°F) 

(3) Aged 42 hrs 815°C (1500°F) 

(4) Aged 16 hrs 815°C (1500°F) 

Temperature of Test: 815°C (1500°F) except iis follows : 

(5) Test temperature 870°C (1600^F) 

(6) Test temperature 926°C (1700°F) 

(7) Test temperature 982°C (1800°F) 


Alloy 

Heat Treatmentt 

Stress Psi 1 

1 

Rupture 
Time, Hrs. 

Klong. 
in 2-^ 

% R. of A. 

Minimum 
Creep %/Hr. 

84V-2 

As cast 

30, (XM) 

82.8 

15.3 

9.3 

0.048 

93V-2 

As cast 

30,000 

118.5 

13.6 

6.9 

0.045 


As cast 

25,000 

457.5 

11.9 

7.3 

0.026 


As cast (5) 

20,000 

421.3 

8.0 

5.3 

0.014 

94V-2 

As cast 

30,000 

197.0 

10.4 

4.8 

0.025 


As cast 

25,000 

900.5 

6.5 

2.8 

0.0039 


As cast (5) 

25,000 

101.0 

9.5 

5.3 

0.047 

llOV-2 

As cast 

30,000 

138.1 

15.3 

9.7 

0.049 


As cast 

30,000 

176.0 

10.5 

5.2 


112V-2 

As cast 

30,000 

90.6 

15.3 

6.5 

0.112 


As cast 

30,000 

127.1 

13.6 

7.0 

0.065 

116V-2 

As cast 

30,000 

226.3 

6.5 

2.4 

0.016 


As cast 

25,000 

425.0 

12.1 

5.3 

0.012 


As cast 

25,000 

669.0 

10.8 

4.5 

0.0056 

116V-2 

As cast (5) 

25,000 

138.3 

11.3 

6.1 

0.039 

124V-2 

As cast 

30,000 

120.0 

18.0 




As cast 

30,000 

102.0 

16.1 

11.1 

0.120 

127V-2 

As cast 

30,000 

372.0 

8.8 

2.0 

0.013 


As cast 

25,000 

535.0 

9.1 

4.0 



As cast 

25,000 

543.7 

8.5 

2.8 

0.0069 


As cast (5) 

20,000 

347.3 

10.2 

6.8 


134V-2 

As cast 

30,000 

74.0 

13.7 

10.8 



As cast 

30,000 

62.4 

12.8 

9.0 


147V-2 

As cast 

30,000 

192.0 

12.0 

5.1 

0.034 


As cast 

25,000 

658.5 

13.3 

5.7 

0.0082 


As cast (5) 

20,000 

724.7 

11.0 

7.3 

0.0079 

82V-1 

As cast 

30,000 

14.0 

17.7 

11.5 



2260, WQ 

30,000 

0.0 

Broke while loading 


As cast 

30,000 

25.0 

8.0 

5.7 


114V-1 

As cast 

30,000 

150.0 

13.7 

6.5 

0.033 


As cast 

30,000 

130.5 

11.0 

5.3 



As cast 

30,000 

95.4 

8.7 

4.9 


116V-1 

As cast 

30,000 

138.7 

12.9 

5.3 

0.093 


As cast 

30,000 

277.0 

10.2 

4.9 

0.018 


As cast (5) 

25,000 

>60.0 

Clock not registering 


As cast (5) 

25,000 

78.4 

1 15.3 

1 8.9 

0.037 
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Table 8-9. Continued 


Alloy 

Heat Treatmentt 

Stress Psi 1 

1 

Rupture ! 
Time, Hrs. 

%Elong. 1 
in 2" ; 

% R. of A. 

Minimum 
Creep %/Hr 

104VN2-2 

As cast 

30,000 ! 

76.9* 

8.0 ! 




As cast 

30,000 ■ 

185.5 ’ 

8.5 i 

2.0 1 

0.038 


As cast 

30,000 i 

200.0 : 

5.3 1 

3.6 1 

0.015 

105VN4-2 

As cast 1 

35,000 

70.8 1 

8.7 1 

6.2 

0.060 


As cast 1 

30,000 

130.3 

10.0 1 

7.7 

0.037 


As cast 

30,000 

91.7 ; 

4.7 

5.3 



As cast 

30,000 

140.6 

5.6 


0.030 

109VN4-2 

As cast 

30,000 

169.4 

18.9 

9.7 

0.065 


As cast (1) 

30,000 

157.6 

14.4 

11.3 



As cast (6) 

25,000 

25.2 

22.2 

13.4 

0.119 

95VN8.2 

As cast 

30,000 

34.7 

8.8 

3.6 



As cast 

30,000 

51.4 

11.9 

7.6 

0.144 

40VT2-2 

As cast (2) 

30,000 

44.0 

6.5 

4.0 



As cast 

30,000 

27.4 

8.1 

4.0 



2300, FC 

30,000 

10.6 

7.2 

2.8 


70VT2-2 

As cast 

30,000 

47.5 

8.1 

4.9 



As cast 

30,000 

58.3 

12.7 

7.3 

0.087 

77VT2-2 

As cast 

30,000 

45.5* 

7.2 

5.7 

0.093 


As cast 

30,000 

57.2 

8.1 

4.4 

0.092 


As cast 

30,000 

77.0 

14.7 

8.0 


01VT2-2 

As cast 

30,000 

180.0 

7.9 

4.1 

0.032 


As cast (3) 

30,000 

174.3 

15.3 

8.6 

0.035 

95VT2-2 

2300, AC (2) 

30,000 

23.0 

2.4 

0.5 



2350, FC 

30,000 

0.0 

0.0 

Complete recrys 






tallization 


2300, FC 

30,000 

189.0 

7.2 

4.1 

0.020 


2300, FC 

30,000 

106.1 

2.1 

0.5 



2200, FC 

30,000 

85.0 

14.2 

14.2 

0.150 


2100, FC 

30,000 

79.4 

10.2 

10.1 

0.071 


2100, FC 

30,000 

48.6 

16.8 

11.2 

0.196 


2000, FC 

30,000 

65.0 

17.4 

11.4 

0.135 


2000, FC 

30,000 

37.0 

18.4 

11.7 

0.250 


1800, FC 

30,000 

121.5 

10.0 

7.7 

0.035 


As cast 

30,000 

180.0 

8.7 

10.2 

0.021 


As cast 

30,000 

175.0 

9.9 

i 7.8 

0.024 

96VT2-2 

As cast 

30,000 

>175.0 

Poor temperature control 

101VT2-2 

As cast 

30,000 

1 220.0 

! 7.8 

j 



As cast 

30,000 

’ 207.0 

7.9 

1 3.6 

0.025 


2200, FC 

30,000 

i 66.0 

6.4 

0.5 

0.018 


2300, FC 

30,000 

78.3 

! 1.6 

0.8 

0.006 

102VT2-2 

As cast 

30,000 

1 219.1 

1 7.3 

2.4 

0.013 

102VT2-2 

As cast 

30,000 

I 174.0 

6.4 

4.1 


111VT2-2 

As cast 

35,000 

<91.0 

10.3 

6.9 

0.048 


As cast 

30,000 

297,3 

8.3 

3.7 

0.013 
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Table 8-9. Continued 


Alloy 

Heat Treatmentt 

Stress Psi 

111VT2-2 

2300, FC 

30,000 


As cast 

25,000 


As cast (5) 

25,000 


As cast (5) 

25,000 


As cast (5) 

20,000 

113VT2-2 

As cast 

35,000 


As cast 

35,000 


As cast 

30,000 


As cast 

25,000 


As cast (5) 

30,000 


As cast (5) 

25,000 


As cast (5) 

25,000 


As cast (5) 

20,000 


As cast (6) 

24,000 


As cast (6) 

17,000 


As cast (6) 

15,000 


As cast (6) 

14,000 


As cast (6) 

13,000 

120VT2-2 

As cast 

30,000 


As cast 

30,000 


As cast (5) 

25,000 


As cast (5) 

25,000 

125VT2-2 

As cast 

30,000 


As cast 

30,000 


As cast (5) 

25,000 


As cast (5) 

25,000 

128VT2-2 

As cast (7) 

20,000 


As cast (7) 

12,500 


As cast (7) 

11,000 


As cast (7) 

9,000 

117VT4-2 

As cast 

30,000 


As cast 

30,000 


As cast 

25,000 


As cast (5) 

25,000 


As cast (5) 

20,000 

114VT6-2 

As cast 

30,000 


As cast 

30,000 


As cast (1) 

30,000 

108VTN2-2 

As cast 

30,000 


As cast 

30,000 


As cast 

28,000 


As cast 

25,000 

111VT2-0 

As cast 

35,000 


As cast 

30,000 


As cast 

28,000 


As cast 

25,000 


Rupture 
Time, Hrs. 

% Elong. 
in 2^ 

% R. of A. 

Minimum 
Creep %/Hr. 

12.6 

0.0 

Brittle 

failure 

1093.4 

6.5 

2.0 

0.0035 

122.2 

6.8 

3.2 

0.031 

136.7 

7.9 

4.9 

0.029 

960.0 

8.9 

2.0 

0.0027 

69.0 

11.1 

10.6 

0.080 

65.2 

9.6 

8.1 

0.078 

321.0 

7.1 

9.7 

0.010 

1304.0 

7.0 

7.0 

0.0024 

85.4 

8.8 

8.1 

0.054 

197.0 

8.1 

7.8 

0.022 

188.0 

8.3 

4.9 

0.027 

890.0 

8.1 

4.9 

0.0053 

6.0 

20.0 

18.0 


108.0 

14.0 

20.5 


173.0 

19.0 

25.7 


252.0 

12.0 

20.2 


651.0 

9.0 

12.8 


159.2 

7.3 

4.5 

0.040 

250.0 

7.2 

5.6 

0.020 

78.6 

7.3 

6.9 

0.060 

141.6 

10.5 

7.6 

0.060 

152.0 

7.9 

3.7 

0.021 

247.5 

7.1 

2.5 

0.018 

135.0 

6.4 

3.5 

0.031 

129.7 

8.2 

4.1 

0.036 

1.3 

22.0 

29.0 


66.5 

16.0 

33.0 


102.0 

20.0 

37.0 


300.0 

20.0 

30.9 


150.0 

Poor temperature control 

195.2 

7.2 

3.6 

0.017 

444.6 

7.0 

4.5 

0.0062 

161.5 

8.0 

4.5 

0.027 

801.1 

6.8 

1.2 

0.0061 

123.2 

7.2 

5.3 

0.036 

114.6 

7.2 

4.5 

0.022 

101.7 

6.4 

4.1 

0.040 

330.0 

6.4 

3.3 

0.010 

304.8 

7.2 

4.1 

0.012 

604.7 

6.3 

4.9 

0.0063 

1554.0 

3.9 

2.4 

0.00092 

57.0 

20.2 

17.1 

0.123 

177.5 

17.5 

10.5 

0.041 

274.0 

16.8 

14.9 

0.042 

902.3 

13.7 

10.8 

0.0063 
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Table 8-9. Concluded 


Alloy 

Heat Treatmentf 

Stress Psi 

Rupture 
Time, Hrs. 

% Elong. 
in 2 "* 

% R. of A. 

Minimum 
Creep %/Hr. 

97VZ2-2 

As cast 

30,000 

95.9 

7.2 

5.2 

0.027 


As cast 

30,000 

83.3 

8.8 

7.7 

0,087 


As cast (5) 

25,000 

160.0 

12.9 

7.6 

0.043 


As cast (5) 

20,000 

803.0 

4.7 

4.0 

0.0037 

109VW2-2 

As cast 

30,000 

122.7 

8.8 

5.1 

0.035 


As cast 

30,000 

86.3 

10.4 

2.6 

0.065 


As cast (5) 

25,000 

94.5 

9.5 

4.9 

0.065 

45VS2-2 

As cast 

30,000 

28.0 

5.6 

6.1 



As cast 

30,000 

13.1 

9.7 

5.3 


47VS4-2 

As cast 

30,000 

6.1 

11.1 

12.3 


108VS2-2 

As cast (4) 

30,000 

87.0 

25.4 

10.6 

0.188 


As cast 

30,000 

87.3 

11.2 

12.0 

0.067 

111VS4-2 

As cast 

30,000 

22.5 

18.3 

9.9 


109VX2-2 

As cast 

30,000 

17.6 

12.2 

18.4 



As cast 

30,000 

29.4 

11.1 

15.3 


103VA-2 

As cast 

30,000 

105.8 

8.7 

2.9 



As cast 

30,000 

75.3 

8.0 

4.8 


llOVA-2 

As cast 

30,000 

172.3 

13.9 

10.6 

0.046 


As cast 

30,000 

196.7 

18.5 

11.7 


107W8-2 

As cast 

35,000 

90.0 

5.6 

2.9 

0.030 


As cast 

35,000 

59.9 

5.4 

2.0 

0.049 


As cast 

35,000 

176.8 

6.3 

2.8 

0.017 


As cast 

30,000 

232.4 

4.8 

2.0 



As cast 

30,000 

182.5 

8.7 

2.9 

0.027 


As cast 

28,000 

340.1 

6.6 

3.2 

0.011 


* Broke in fillet, 
t Temperature in °F. 


Table 8-10. Creep Results at 815 and 871°C (1500 and 1600°F) at 
Various Stresses^ 


Alloy 

Heat 

Treatment 

Aging 

Treat¬ 

ment 

Temp. 

F 

Load Psi 

Total Creep 

Minimum Creep Rate 

Hours 

Elong. 

In./In. 

Hours 

%/Hr. 

111VT2-2 

As cast 

None 

1500 

13,500 

2000 

0.00192 

800-2000 

0.000034 

111VT2-2 

As cast 

None 

1500 

12,000 

2020 

0.00170 

700-2000 

0.000037 

111VT2-2 

As cast 

None 

1600 

10,000 

2130 

0.0028 

1000-2130 

0.000078 

116V-1 

As cast 

None 

1500 

13,500 

2020 

0.00330 

600-2000 

0.000091 

127V-2 

As cast 

None 

1500 

13,500 

2320 

0.00360 

800-2300 

0.000078 

97VZ2-2 

As cast 

None 

1600 

10,000 

2160 

0.0039 

1100-2160 

0.000038 

111VT2-0 

As cast 

None 

1500 

10,000 

2410 

0.0027 

1100-2400 

0.000053 

109VT2-2* 

As cast 

None 

1500 

13,500 

800 

0.0029 

300-800 

0.000154 

109VT2-2* 

As cast 

None 

1600 

10,000 

2500 

0.0031 

1300-2500 

0.000062 


* Cast to produce very large grains—these contained essentially single grains 
across any cross section of the test bar. 
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In an investigation of binary and ternary alloys of Cr with Be, Co, Cb, 
Fe, Mo, Ni, Pt, Ta, Th, Ti, W, V, and Zr, many experimental compositions 


Table 8-11. Elevated-temperature Properties of Alloy CM469® * 
Chemical Composition* 


c 

Cr 

Mo 

Fe 

0.03 

60 

25 

14 


* Vacuum cast. 


Stress-Rupture and Elongation Values 


Temp 

10 Hrs 

100 Hrs 

1000 Hrs 

(X) 

(“F) 

Tensile 
Strength (psi) 

Elong % 
in P 

Tensile 
Strength (psi) 

Elong % 
in 2 '^ 

Tensile 
Strength (psi) 

Elong % 
in 2*^ 

871 

1600 

67,000 

17 

37,800 

12.5 

21,400 



* As cast. 


Thermal Expansion 


Temp ®F 

Mean Coefficient of Linear 

Expansion In/In/®F X 10~6 

As Cast 

Aged* 

75-300 

3.56 

3.17 

75-600 

3.76 

3.75 

75-900 

4.16 

i 4.11 

75-1200 

4.50 

4.52 

75-1500 

4.81 

5.02 

75-1800 

5.10 

5.49 


* Heated to 871°C (1600°F) in vacuum for 200 hrs, air cooled. 


Hot Hardness 


(X) 


Room 

600 

700 

871 

926 


Temp 


m 

Room 

1112 

1292 

1600 

1700 


DPH 


498 

430 

396 

296 

274 


are eliminated by a hot hardness test carried out at 815°C (1500°F). A 
requirement of at least 200 DPH for these alloys is a satisfactory lower 
limit, and further study is prevented if the alloys fall below this value. 
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In the preparation of Cr-base alloys, melting and casting in vacuum is 
necessary to eliminate the chief impurities, C, N, and 0. The raw materials 
must be low in Si and Al. Crucibles of beryllia are recommended. The 
high vapor pressure of molten Cr is a serious factor in the preparation of 
these alloys. The loss of Cr from vaporization is held at 2 per cent if the 
time for melting is held at a minimum, if the crucible is designed to have a 
minimum of exposed surface, and if the temperature is only slightly above 
the melting point of the alloy being made. Another requisite is maintain¬ 
ing the pressure during melting below 0.1 mm to accelerate deoxidation. 
Casting of the alloy is in steel or copper molds®. 

Table 8-12. Elevated-temperature Properties of 36J Alloy Cast® 


Chemical Composition 


c 

Mn 

Cr 

Ni 

Co 

Mo 

Ta 

0.36 

1 

23 

6 

60 


2 


Tensile Properties at Room Temperature 

Tensile Strength (psi) j Elongation % in 2 ” 

120,000 j 10.2 


Slress-Huplure and Elongation Values* 



10 hrs 

100 hrs 

1000 hrs 

Temp 

Tensile 

Strength 

(psi) 

Elong 
% in 2" 

Tensile 

Strength 

(psi) 

Elong 
% in 2" 

Tensile 

Strength 

(psi) 

Elong 

%in2" 

815°C (1500°F) 

37,500 

18 

29,200 

12 

23,000 

5 


* Aged 48 hours at 732‘’C (1350°F). 


Of the above-mentioned alloy systems, the most favorable on the basis 
of stress rupture, density, availability, and cost is the ternary system 
Cr-Fe-Mo at about 60 per cent Cr, the Fe varying from 15 to 25 per 
cent and the Mo varying from 25 to 15 per cent. For the optimum 
strength and ductility, the following conditions must be met: C is less 
than 0.05 per cent and Si less than 0.2 per cent. Both the 0 and N are at 
a minimum. The alloys are chilled cast and annealed 90 hrs at 871°C 
(1600°F). If the ratio of Fe to Mo is less than 3:5, the alloy cannot be 
machined, but only ground. 

The high-temperature properties of Alloy CM 469 are shown in Table 
8-11. This alloy with a nominal composition of 60 per cent Cr, 25 per cent 
Mo, and 15 per cent Fe has a density of 7.87 gm per cu cm® ®. 
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The alloy CM 469 can be machined with "‘Carboloy” tools and may be 
finished by grinding. This series of alloys is extremely interesting, but for 
the present is too brittle to be used in commercial applications. It may be 
that improved techniques in vacuum melting and casting will improve its 
ductility. 


Table 8-13. Elevated-temperature Properties of 73J Alloy Cast® 
Chemical Composition 



Mn j 

Cr 

j Ni 

Co 

Mo * 

Ta 

0.73 

1 

i 

23 

6 

1 60 

6 

2 


Tensile Properties at Room Temperature 


Material j 

Tensile Strength (psi) ] 

Elong % in r 

Reduction of Area (%) 

70 J* 

1 111,000 

3.0 

1 1.5 

* Alloy contained 0.70 C. 


Stress-Rupture and Elongation Values* 


Temp 

10 hrs 

100 hrs 

1000 hrs 

CC) 

(°F) 

Tensile 

Strength 

(psi) 

Elong 
% in 2^ 

Tensile 

Strength 

(psi) 

Elong 
% in 2^ 

Tensile 

Strength 

(psi) 

Elong 
% in 2^ 

732 

1350 

69,000 

7 

52,500 

7 

40,500 

7 

815 

1500 

43,500 

14 

34,800 

13 

28,200 

10 

871 

1600 

33,500 

16 

26,400 

11 

21,000 

6 

926 

1 1700 

24,800 

j 20 

17,200 

13 

12,300 

6 

982 

1800 ! 

j 18,000 

20 

12,800 

10 

9300 

3 


* Aged 48 hours at 732°C (13o()°F). 


Creep Strength 


Stress psi for Minimum Creep Rate (% per hr) 


Temp °F 


1 

! 

0.00001 

0.0001 

o.qoi 

0.01 

815°C (1500‘^F) j 

10,100 

14,300 

20,400 

28,800 


IV. Alloy J Series 

The cast alloy J series containing 23 per cent Cr, 6 per cent Ni, 60 per 
cent Co, 6 per cent Mo, 2 per cent Ta, and 1 per cent Mn represents a 
more recent laboratory development. Its properties are listed below in 
Tables 8-12 and 8-13 for two compositions, Alloy 36J with 0.36 per cent C 
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and Alloy 73J with 0.73 per cent C®. At 815°C (1500°F) for 100 hours 
rupture life, Alloy 73J has a strength of 34,800 psi and 13 per cent elon¬ 
gation. For a rupture life of 1000 hours, the strength is 28,200 with 10 
per cent elongation. These excellent results represent a substantial in¬ 
crease over the materials previously tested. 

C. Aging Characteristics 

Attempts to link microstructural changes with elevated-temperature 
properties have been made in many instances. All heat-resistant alloys 
show aging effects on prolonged heating, but any consistent explanation in 
connection with inpture life or creep life is still uncertain. For alloys 
operating in the temperature range of 732 to 982°C (1350 to ISOO^^F), aging 
is one of the characteristics which may decrease creep strength. The fac¬ 
tors which influence aging are temperature, time, strain rate, and length 
of service at high temperature. 

A selection of four cast alloys with wide variation in chemi(!al analysis 
and good high temperature properties has been made to show the similarity 
in aging characteristics after exposure at elevated temperature^. Aging 
characteristics are established for four alloys with the following compo¬ 
sitions^ : 


CHEMICAL COMPOSITION % 



c 

Mn 

Si 

Ni 1 

Cr 

Co 

Mo 

w 

Ta 

Fe 

lOONT-2 

1.0 

1.5 

0.5 

30 

20 

20 

3 * 

2.2 

2 

bal (20) 

“Vitallium” 

0.25 

1.0 



23 

68 

6 




6059 

0.45 

1,0 


32 

26 

32 

6 1 




111VT2-2 

1.1 




23 

67 

6 


2 



Alloy lOONT-2 is essentially a modified high-C N-155 alloy and the 
111VT2-2 is a modified high-C “Vitallium'^ 

The microstructure of alloy lOONT-2 is shown in Figs. 8-1 to 8-5 in the 
as cast stage and after aging for 48 hrs at 538 and 732®C (1000 and 1350^F), 
24 hours at 871''C (1600°F), and 3 hrs at 1204''C (2200°F). The increase 
of C content from 0.25 to 1 per cent is shown in the microstructure by an 
increase in the carbide network or mesh structure. Fig. 8-1 has a typical 
mesh structure characteristic of a 1 per cent C alloy of this type. In 
general the background or matrix is an austenitic continuous phase with 
a face-centered structure, although there may be a coexisting hexagonal 
phase where the Co content is high. Fig. 8-2 of the alloy NT-2 after 
being heated at 538''C (1000°F) for 48 hrs shows no signs of precipitation. 
However, after 48 hrs at 732°C (1350^F), precipitation is marked, as in 
Fig. 8-3 and coarsening or coalescence has occurred after 24 hours at 
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871°C (1600°F), as in Fig. 8-4. Heating this alloy to 1204°C (2200°F) for 
3 hours only dissolves the precipitate formed at the lower temperatures, 
as in Fig. 8-5. 



Figure 8-4. Alloy lOONT-2. Heated 24 hrs. at 871°C (1600®F). Magnification 
250X. (After Grant) 



Fig. 8-5. Alloy lOONT-2. Heated 3 hrs. at 1204°C (2200°F). Magnification 250X. 
(After Grant) 

From a study based on changes in microstructure, x-ray diffraction, 
electrical resistivity, and dilatometry, the aging characteristics are shown 
to be remarkably similar, even though the alloys range in composition 
from 0.25 to 1.1 per cent C, 20 to 68 per cent Co and notwithstanding the 
presence or absence of Fe and Ni. These alloys include the widely diver¬ 
gent compositions, lOONT-2, ‘‘Vitallium’*, 6059, and 111VT2-2. 
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The following conditions summarize the aging characteristics of the four 
alloys listed above^ : 

1. All the alloys are stable up to 538°C (1000°F). 

2. The first precipitate forms close to 732°C (1350^). 

3. In the low-C alloys the maximum precipitation occurs in the range of 
843 to 871°C (1550 to IGOO^F). In the high-C alloys it occurs in 
the range of 871 to 926°C (1600 to 1700°F). 

4. Agglomeration of the precipitate before re-solution starts at about 
926°C (1700°F). For all the alloys, solution is complete by 
1204°C (2200^F). 

5. The rate of precipitation is a maximum for all alloys at 732°C 
(1350°F). 

6. Precipitation causes a break in the curves showing expansion coef¬ 
ficients, which suggests the advisability of pre-aging turbine blade 
materials before assembly and application of stress. 

Table 8-14. Properties of llON-2 Alloy Cast® 


Chemical Composition 


c 

Mn 

Si 

Cr 

Ni 

Co 

Mo 

W 

Cb 

Nj 

1.10 

1.5 

1 

21 

30 

21 

3 

2.2 

1 

0.07 


Creep Strength 


Temp *F 

Stress psi for Minimum Creep Rate (% per hr) of 

O.OOOOl 

0.0001 

0.001 

0,01 

815°C (1500°F) 

14,800 

18,000 

21,900 

26,600 


D. Comparison of Commercial Alloys with Laboratory-de¬ 
veloped Alloys 

The commercial alloys in actual service for temperatures above 650°C 
(1200°F) are the results of limitations imposed by manufacturing conditions 
and economic considerations, coupled with the best possible flow properties 
obtainable with these requirements. The alloys developed from laboratory 
tests are not in general so limited, although it is obvious that manufactur¬ 
ing conditions must be met with eventually if they are to be produced in 
quantity. An attempt is made here to evaluate all the metals available 
from both sources suitable for operation, especially at 815'^C (1500°F) and 
above. The conclusions are tentative in all cases and are presented as a 
summary and a comparison. 
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Prior to such a comparison, a summary of several of the properties of 
the best noncommercial alloys, llON-2, lOONT-2, 36VT 2-3, 111VT2-2, 
and 31V-4, is given for comparison with commercial alloys in Tables 
8-14 to 8-18®. 


Table 8-15. Properties of lOONT-2 Alloy Cast® 


Chemical Co77iposition 


G 

Mn 

Si 

Cr 

Ni 

Co 

Mo 

w 

T a 

1 

1.5 

0.5 

20 

30 

20 

3 

2.2 

2 


Tensile Properties at Roo7n Temperature* 


Tensile Strength (psi) 


Reduction of Area (%) 


100,000 


1.5 


Elong % in 2^ 


1.0 


* Alloy heated to 1238°C (2260°F), water-quenched. 


Stress-Rupture and Elongation Values* 


Temp 

10 hrs 

100 hrs 

1 

1000 hrs 

(“C) 


(°F) 

Tensile 

Strength 

(psi) 

Elong % 
in I'* 

Tensile 

Strength 

(psi) 

Elong % 
in 2^ 

Tensile 

Strength 

(psi) 

Elong % 
in 2" 

815 


1500 

40,500 

8 

30,500 

5 

22,800 


871 


1600 

35,000 

7 

26,100 ! 

4 

19,300 

2 

926 


1700 

25,800 

20 

18,200 : 

6 

13,100 

2 

982 


1800 

18,800 

20 

13,600 

7 

9900 

2.5 


* Alloy heated to 1238°C (2260°F) for i hr, water-quenched. 


Creep Strength 


Temp 


Stress psi for Minimum Creep Rate (% per hr) 


(“C) 

(”F) 

0.00001 

0.0001 

0.001 

0 01 

815 

1500 

13,800 

17,400 

21,800 

27,100 

871 

1600 

8500 

11,700 

16,000 

22,000 


Thermal Expansion 


Temp (°F) 

Mean Coefficient of Linear Expansion 

In/In/“F X 10-« 

70-1200 

8.5 

70-1350 

8.8 

70-1500 

9.0 

70-1600 

9.0 

70-1800 

9.3 
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Table 8-16. Properties of Alloy 36VT2-3 Cast* 
Chemical Coynposition 


c 

Mn 

Cr 


CO j 

Mo 

0.26 

2 

23 

1 

65 

6 


Tensile Properties at Room Temperature* 

Tensile Strength (psi) ^ Elong % in 2" j Reduction of Area (%) 


102,800 I 5.9 j 10.7 

* Alloy Jis cast. 


Stress-Rupture and Elongation Values* 

10 hrs 

Temp 


Tensile j j Tensile 

Strength | ^; Strength 
(psi) 1 ^ (psi) 


Elong % 
in 2" 


1000 hrs 


815°C (1500°F) i 39 

,000 j 28 ! 

_1 

27,800 

j 25 

* Alloy aged 48 hours at 

815X^ (1500°F). 



Table 8-17. 

Properties of 

Ali.oy 

111VT2- 

Chemical Co?nposition 




C 1 Cr 

J 

• 

Mo 

. i 

1.11 1 23 

i 67 

' 

6 


Tensile 

Strength 

(psi) 


19,200 


Elong ^ 

in 2 " 


Ta 

2 


Tensile Properties at Room Temperature* 

Elong % in 2" 


Tensile Strength (psi) 


120,000 


3.8 


Reduction of Area (%) 

1.0 


* Alloy as cast. 


Stress-Rupture and Elongation Values* 


Temp 

10 hrs 

(X) 

(“F) 

Tensile 

Strength 

(psi) 

Elong % 
in 2*" 

816 

1500 

43,000 

11 

871 

1600 

37,000 

10 

926 

1700 

22,400 

22 

982 

1800 

16,300 

22 


100 hrs 

1000 hrs 

Tensile 

Strength 

(psi) 

Elong % 
in 2'' 

Tensile 

Strength 

(psi) 

Elong % 
in 2*^ 

33,200 

10 

25,800 

6 

27,300 

8 

20,000 

8 

16,800 

16 

12,100 

8 

11,100 

20 

8000 

20 


Alloy as cast. 
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Table 8-17— Concluded 

Creep Strength 


Temp 

Stress psi for Minimum Creep Rate (% per hr) of 

(“C) 

CF) 

0.00001 

0.0001 

0.001 

0.01 

815 

1500 

11,000 

15,000 

20,400 

27,500 

871 

1600 

7200 

10,300 

15,100 



Thermal Expansion 


Temp (°F) 


70-1200 

70-1350 

70-1500 

70-1600 


Mean Coefficient of Linear Expansion 
ln/Tn/°F X lO"* 



8.8 

8.9 

9.0 

9.0 


Table 8-18. Properties of 31V-4 Alloy Cast® 
Chemical Composition 


c 

Mn ! 

Cr ' 

Co 

Mo 

0.31 

4 1 

23 I 

65 

6 


2'ensile Properties at Room 'Temperature* 


Tensile Strength (psi) | 

1 

Elong % in 2*^ 

Reduction of Area (%) 

136,300 

3.3 

6.0 


* Alloy aged 48 hrs at 732°C (1350‘’F). 
Stress to Rupture and Elongation Values* 



10 hrs i 

! 1 

! 100 hrs 

1 1000 hrs 

Temp 

Tensile 

Strength 

(psi) 

Elong % 
in 2^ 

Tensile 

Strength 

(psi)J 

Elong % 
in 2" 

Tensile 

Strength 

(psi) 

Elong % 
in 2"^ 

815°C (1500°F) 

36,000 

7 

26,500 

4 

19,500 

3 


* Alloy aged 48 hrs at 732°C (1350°F). 


I. Results of Stress-Rupture Tests 
a. Rupture Strength. 1, Forged Alloys 

At 650°C (1200°F) ‘Tnconer' X shows the highest rupture strength. 
The other alloys with superior properties are N-155, N-153, S-816, and 
“Nimonic’’ 80. 
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At 732®C (1350®F) “Inconer’ X still is superior, followed by 8-816, 
N-155, and K42B. 

At 815°C (1500°F) the strength of ‘'Inconer' X decreases with time, 
suggesting that overaging is taking place. S-816 is best, followed by 
“Refractaloy’" 26, high-C N-155, S-590, and low-C N-155. 

At 871®C (1600®F) the forged alloys decrease in strength, except for the 
highly alloyed groups such as N-155, 8-590, 8-816, 8-497, and 8-495. 

At 926 and 982°C (1700 and ISOO'^F) the forged alloys are generally 
unsuitable. 

2, Cast Alloys 

At 650°C (1200°F) there are only a few tests made on cast alloys, as the 
forged compositions dominate the field. The cast alloy 36J after 1000 
hours has a rupture strength of over 55,000 psi which is higher than alloys 
61, X-40, and 6059. 

At 732°C (1350°F) there are still only a few tests on the cast alloys. 
Alloy 73J is highest, followed by Nr-90 and X-40. The series of J com¬ 
positions are higher than any forged alloys at ()50 and 732°C (1200 and 
1350®F), with the exception of ^TnconcP’ X. 

At 815®C (1500°F) alloy 73J is best of the cast group and is much better 
than the forged alloys. The other outstanding cast alloys are 111VT2-2, 
NR-88, X-40, lOONT-2, and X-50. 

At 871°C (1600°F) alloy 73J is still superior, followed by 111VT2-2, 
lOONT-2, and X-40. The Cr-basc alloy CM-469 has high-stress rupture, 
but it is too brittle for commercial application. 

At 926°C (1700^F) alloys X-40, X-50, and lOONT-2 are best. 

At 982°C (ISOO'^F) alloy X-40 is best after 1000 hours stress rupture. 

b. Results of Elongation Measurements from Stress-Rupture Tests. 
Elongation values show many discrepancies that ani unexplainable, but it 
is generally true at these high temperatures that ductility falls off with 
time. Certain alloys are especially subject to decrease in ductility. It 
is also true that as the temperature is raised above 650 to 982°C (1200 
to 1800°F), the ductility decrease is more marked. 

Cast and Forged Alloys 

At 650®C (1200°F) alloys N-155 and 8-590 show a minimum decrease 
of ductility with time. Alloys K42B, “Nimonic” 80, ‘Tnconel’^ X, and 
19-9DL all have low ductilities. 

At 732°C (1350‘^F) alloys 8-590, low-C N-155, 73J, 6059, and X-40 
show slight change of ductility with time. The alloys K42B, “Nimonic’^ 
80, and ‘TnconeP^ X all have low ductility. 

At 815 to 982°C (1500 to 1800'’F) alloy 8-590 shows up well, followed by 
X-40 and 111VT2-2. Alloys K42B, “Nimonic*^ 80, and ‘TnconeP’ X 
continue to display low ductility. 
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II. Results of Creep Tests 

The creep tests represent on the order of a test of a minimum of 2000 
hours' duration. This is not long enough to establish a minimum creep 
rate for tests which will last for 20,000 hrs, but it is a conservative estimate 
since in general the creep rate diminishes with time under the assumption 
that no structural changes occur in the material. 

Cast and Forged Alloys 

At 650°C (1200°F) alloy K42B has the highest creep strength. 

At 732°C (1350°F) alloy 8-590 and low-C N-155 have the highest values. 

Most of the creep testing is carried out at a temperature of 815°C 
(1500°F). The best cast alloys for 1 per cent creep in 10,000 hours are 
llON-2, lOONT-2, and 93N-2 with a stress of 16,000 to 18,000 psi. The 
best forged alloys for this creep rate have a stress of about 11,000 psi, as 
shown by alloys “Inconel” X, 8-816, and “Refractaloy”. 

At 871°C (UlOO'^F) the best cast alloys are lOOXT-2, X-40, and 422-19 
which require a stress of about 11,000 psi for a minimum creep rate of 
1 per cent per 10,000 hours. For this creep rate, the forged alloys fall to 
about 6000 psi. 
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Chapter 9 

Manufacturing Processes 


A. Casting 

The casting method for production of metal components for high- 
temperature service is now widely accepted, for several reasons. With 
the increase of such elements as W, Mo, and Cr in the alloys and a decrease 
in the Fe content, forming has become more difficult. When carbon is in¬ 
creased from 0.1 per cent to about 1 per cent, certain compositions such as 
the alloys llON-2 and 73J discussed in the preceding chapter can no longer 
be forged but must be cast. In those alloys which have good forming 
properties, the wear of forging dies may be severe with resulting higher 
fabrication costs. 

In the meantime, the remarkable fact is that a cast structure has proved 
itself capable of withstanding stresses at high temperature by a large body 
of evidence from creep and stress rupture testing and from long periods of 
operation. It must not be overlooked that a cast structure free from 
porosity does not have the directional properties of a formed piece. 

In any casting process, the problem of grain size control is an important 
one. The only factor in changing the size of a metal crystal in an aggregate 
is the cooling rate which implies pouring temperature of the molten metal, 
temperature of the mold, shape of the casting, and other factors which 
determine how fast heat is given off to the surroundings. 

I. Effect of Grain Boimdaries 

The literature on refractoiy alloys for use at high temperature contains 
many statements that “coarse-grained” material has a higher creep 
strength than “fine-grained” material if testing is carried out above the 
equicohesive temperature, or in that range where fracture occurs by grain 
boundary sliding. These comparisons are made on cast alloys versus 
forged alloys. It is unfortunate that there are no published data of the 
optimum grain size or grain size distribution of any particular alloy in 
relation to elevated-temperature service. 

From the discussion in Chapter 1 on grain boundary conditions, it is 
reasonable to assume that at elevated temperatures grain boundaries are 
weaker than the grains themselves, so that failure for many metals under 
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these conditions is intercrystalline. Grain boundaries are sources for 
viscous behavior or they may be areas where microcracks occur or imper- 



{Courtesry Automotive Industries) 
Fig. 9-1. Turbosupercharger for airliner, Model 377, Stratocruiser, Boeing Air- 


craft. 
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fections start cracking. If the grain size in a casting is too large, the 
boundaries are unquestionably planes of weakness. On the other hand, 
very fine grains provide too many areas where viscous behavior may induce 






Fig. 9-2. Variations in grain size of cast turbine blades due to lack of uniformity 
in cooling rate. (After Badger) 

a lower creep strength. It seems only reasonable that somewhere between 
extremely fine grains and excessively coarse grains, there must exist an 
optimum grain size or grain size distribution. 

In Fig. 9-2, the large grain structure of turbine blades cast from “Vital- 
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Hum’' alloy is typical of commercial production from casting the metal in 
hot refractory molds^ The analysis of the blades is as follows:* 


0.30-0.45 I 25.0-29.0 

__j 

The variation in grain size is due to the wedge shape of the part, which 
causes difference in cooling rates of thin and thick sections. The many 
sharp comers visible at the grain boundaries may well be areas of stress 
concentration when the blade is stressed at elevated temperature. 

II. Casting Techniques 

Foundry methods employed for large-scale commercial production of 
heat-resistant castings are satisfactory for components used in furnaces 
and parts required in the petroleum and allied industries. The dimensional 
accuracies for such castings depend on the quality of the sand mold, and, 
with the special techniques employed in certain instances, the casting may 
have superior surface qualities. In the production of compressor and 
turbine blades, smooth surfaces are required which may be attained by 
the use of refractory molds of very fine silica. This practice eliminates 
machining which produces a worked layer of metal and in consequence a 
surface which may flow in service when stressed at high temperature. 

With the necessity of producing turbosupercharger blades early in 1940, 
casting techniques developed in the dental and jewelry trades were adapted 
overnight to large-scale production of turbine blades. The techniques of 
precision casting are not new, but their rapid expansion in a short time and 
the remarkable performance of the blades thus produced was one of the 
outstanding achievements of wartime metallurgical research. Approxi¬ 
mately 50 million blades were precision-cast during the war. 

a. Precision Castingf. This type of investment casting involves the use 
of a pattern which is a positive replica of the part with proper dimensions, 
its investment with a fine-grained refractory, burning out the pattern, 
firing the refractory mold, and casting the metal in the mold cavity. 

1. Dies. Dies for producing patterns are made of low-melting alloys 
or of steel, depending upon the type of material used for patterns and the 
production requirements for the part in question. They are single-cavity 
or multiple-cavity dies, depending on the size and shape of the part to be 
produced. 

* Specification B50R99, General Electric Co. 

t See Cady, E. L., ‘‘Precision Investment Castings/’ New York, Reinhold Pub. 
Corp., 1948. 


5.0-6.0 Hal 1.7.5^3.75 2.0 max 


\ .0 max 1.0 max 
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2. Patterns. The pattern material widely used consists of a mixture 
of low-melting waxes which are formed readily under low pressures. In 
the dental and jewelry trades, special wax mixtures are in use which have 
given excellent service over many years, especially in regard to burning 
out in the mold and leaving no residue to contaminate the molten metal 
during casting. Waxes have the difficulty of deforming readily, which 
inhibits rapid assembly methods and makes storage difficult. The re¬ 
action of waxes during hot weather can be circumvented only by air- 
conditioning the surroundings. The high cost of waxes has a marked 
influence on the final price of the casting. 

To overcome these difficulties, the field of plastics offers many attractive 
possibilities for pattern materials. Plastics which are commercially 
available must have a minimum distortion after being injection-molded. 
It is obvious that plastic patterns are more easily stored and assembled 
without injury than wax patterns. Certain polystyrene compositions 
have had experimental trials, but distortion of the pattern is difficult to 
control. 

Success is reported in the development of a low molecular weight plastic 
which is injection-molded in steel dies at pressures less than of those 
ordinarily used for commercial plastics. The distortion of the pattern is 
sufficiently low and it is readily stored and assembled. Its cost is only a 
fraction of the cost of waxes. Injection-molding speeds are higher than 
those used in molding wax, although this difference is not inherent in the 
two processes. A high-speed injection-molding machine equipped with a 
steel die and plastic pattern is shown in Fig. 9-3^®. This press produces 40 
impressions per hr. 

The patterns are next mounted in a flask which consists of a steel shell of 
about 8 inches in diameter. For economic production, patterns should be 
assembled in as large units as possible depending on the shape and size of 
the part and the size of the flask. 

3. Investment. A material which is satisfactory for an investment must 
be fine-grained to give a smooth surface to the finished casting, it must have 
expansion and contraction coefficients which are reproducible, it must be 
free from cracks or other imperfections after being fired, and it must be 
cheap. There are many refractory materials that would fill the above 
requirements, but the low cost of silica flour gives it a preference over other 
refractories. 

The treatment of the silica to provide a strong investment is varied. It 
may be bonded with ethyl silicate in alcohol and water mixtures, with 
colloidal silicate in a water suspension, or with phosphoric acid. Other 
additions may be asbestos, crystobalite, and gypsum. 
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In some instances the pattern mounted in its flask is precoated with a 
mixture of silica flour (200 mesh), sodium silicate, hydrochloric acid, and 
water. A vibrating screen dusts silica sand (100 mesh) over the pattern 
coated with the primary slurry. A backing is then added to fill the re¬ 
mainder of the flask. It is made of ground firebrick, natural silica sand (60 
mesh), ground silica (80 mesh), tetraethyl silicate, alcohol, water, hydro¬ 
chloric acid, and magnesium oxide as an accelerator^®. 



Fig. 9-3. Ejection of plastic pattern from die. (After Valyi) 


One installation provides automatic weighing and mixing of the slurry 
in batches of 3(X)0 lbs per hour and the filling of the flasks from a hose 
at the bottom of the mixing unit, as shown in Fig. 9-4^®. Two mixing units 
are convenient as one is cleaned and filled with a fresh batch while the 
other dispenses slurry. In this way, a continuous flow of slurry fills the 
waiting flasks. 

Some processes require vacuuming of the slurry to eliminate air bubbles 
and some do not. If the investment entraps air on the surface of the mold 
cavity, the resulting casting will have pinholes on its surface. 

The flasks are now heated at a low temperature to drive off the moisture 
first and then melt out the wax which may be recovered at this stage. 
The flask may then be transferred to a firing furnace where remnants of the 
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wax or plastic pattern are burned out. The final firing cycle must be 
controlled to produce a strong, crack free investment capable of withstand¬ 
ing erosion from the hot metal. A firing cycle may be 5 to 8 hrs and reach 
a temperature of lOlO^C. 

4- Casting. From this stage, precision casting follows standard foundry 
procedures. Melting may be done in a carbon arc furnace of 15-lb capacity, 
or in an induction furnace of 35-lb capacity, or in a carbon resistance 
furnace of approximately 100-lb capacity^®* If casting is done under low 



Fig. 9-4. Filling flasks with slurry from automatically prepared batches. (After 
Valyi) 


pressures, it is necessary to use hot molds in order to fill the mold cavity. 
If pouring is by centrifugal methods, the molds may or may not be 
heated. 

The casting table has a square pour block in the center with holes radiat¬ 
ing out to connect with the sprues of 4 flasks. All surfaces are given a fire 
clay wash. For castings larger than 8 in diameter, no pour block is re¬ 
quired but a central sprue hole allows the metal to flow radially into the 
flasks^®. 

After being poured the flasks are allowed to cool and subsequently the 
investment is knocked out by air hammers. This brings up the problem of 
th^ economics of cleaning the castings. An investment must be strong 
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enough to contain the molten metal and not crack during casting; but it can 
be made too strong so that removal during the knock-out stage is difficult 
and expensive. The ideal material lies between these two hazards. 

5, Accuracy and Properties. Much has been written about the tol¬ 
erances that can be obtained on precision cast parts. Dimensions must be 
controlled during the following steps: injection-molding die, dimensional 
changes and distortion of patterns, dimensional changes of the investment, 
and shrinkage characteristics of the metal being cast. The surface smooth¬ 
ness of a casting free from porosity and other defects depends largely on the 
fineness of particle size of the silica refractory. This is the principal 
reason for the closer tolerances of precision castings over sand castings. 
For small castings, certain dimensions may be held to 0.003 inch per in. 



0-5. Cast jcl outlet nozzle tested in alloys Vitallium and Hastelloy C. (.\fte?* 
Swo(*ney) 

The al^sence of directional properties which is characteristic of casting 
proces.ses tends to increase the strength of a turbine stator when casting is 
substituted for forging-. This component weighs 12 lbs and is cast com¬ 
plete with blades 8^ inches in diameter. The blade contours require no 
machining and the spacing between them has a total variation of 0.003 inch. 
The faces of the stator are however machined. Precision casting of this 
part is considerably cheaper than forging. Another part suitable for 
casting is the jet outlet nozzle shown in Fig. 9-5. 

Much testing needs to be done to determine the physical properties of 
precision cast parts to compare them with those produced by forming. A 
conservative estimate is that they lie somewhere between the transverse 
and longitudinal figures prevailing in rolled bars^^ 

B. Forming 

Forging and Rolling 

With the decrease in Fe content and the increase in such elements as Co 
and Cr, the problem of fabricating alloys for high-temperature service is 
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serious. It is a great tribute to the ingenuity and effort of the metal-work¬ 
ing industries that so many metals are successfully formed that are high in 
Co, Cr, Mo, and W. 

This increased difficulty in forming as the Fe content decreases is com¬ 
pared in the following operations. In the manufacture of exhaust collector 
rings for jet engines, a flat is shaped into a cup by press forming. The 
steps involved depend upon the particular alloy selected^. The number of 
draws and anneals required for several different alloys is shown below: 


Material 


No. of draws 


No, of anneals 


Stainless steel 
19-9 alloy 

N-155 or “Hastelloy” C 


2 

3 

4 


2 

3 

4 


Techniques for forging and rolling require close temperature regulation 
of ranges for hot working. Each step of the reduction schedule must also 
be held within close tolerances. It is remarkable that all the Co-base 
alloys, including N-155 and S-816 as well as the Ni-base compositions 
^Tnconek^ X and ^‘Nimonic^’ 80, are available in formed shapes. It is 
mainly the introduction of C for increased creep strength that has resulted 
in the necessity for casting many of these alloys. 

In forging turbine wheels, the sluggishness of the alloys in their response 
to heat treatment makes it difficult to obtain uniform hardness throughout 
the disk. The metal is restrained at the center of the disk during upsetting 
of the cylinder. As a result, the hardness is a maximum along diagonals 
through the perimeter of the wheel. Heat treating for fairly long periods is 
required to decrease these hardness gradients as much as possible"^. 

The precision forging of turbine blades to very close tolerances requires 
experience and control of operating conditions. At the thin edge of the 
wedge-shaped blade, there is not sufficient metal to protect the two halves 
of the forging die. To prevent die wear in this section reductions are of 
necessity small. Cracking of the blade during forging is also a hazard. 

Powder Metallurgy Techniques 

The field of powder metallurgy offers some interesting possibilities in 
the development of naterials suitable for elevated temperatures. For 
temperatures above 1000®C where metals have lower creep strengths, 
powder metallurgy methods suggest several unconventional channels for 
experiment. This technique is based primarily on the mixing of separate 
constituents which are then pressed into shape and sintered to give suffi¬ 
cient strength for the particular use for which the parts are designed. Such 
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a procedure immediately suggests that materials can be brought together 
by powder metallurgical methods which can not be produced by conven¬ 
tional melting, casting, and forming. 

The other outstanding technique that can be accomplished by powder 
metallurgy procedures is the use of controlled porosity. A turbine blade 
designed with a cavity for cooling by some medium as air is an attractive 
means of decreasing weight and lowering temperatures. It is possible 
that a blade with a cavity could be formed by powder metallurgy methods. 

Metal powders can also be formed and sintered to provide a well dis¬ 
tributed porosity throughout the mass and with the size distribution of 
pores held within specified limits. Many types of porous filters of Cu 
base and corrosion resistant metals as Ni are in commercial production. 
A porous metallic structure can be immersed in a molten metal to produce a 
bimetallic structure as developed in the electrical contact field. As an 
example, porous W is immersed in molten Cu or Ag. Such techniques 
suggest that there may be a combination of metallic materials that would 
withstand the stresses encountered by turbine blades above 1000°C. 

In the sintering of dissimilar constituents, the range available for selec¬ 
tion of unusual combinations is almost unlimited. The refractory metallic 
carbides, nitrides, and borides are all possible for experimentation. Certain 
of these compounds can be eliminated because of their recognized insta¬ 
bility. For instance, W carbide is no longer stable above 900°C and Ti 
carbide decomposes in O at 1150°C®. Cr boride is known to be as oxida¬ 
tion- and corrosion-resistant as Cr. Such a compound could be sintered 
with some other refractory metal as Cr itself with the possibility of the 
desired strength at high temperatures. Another approach to unconven¬ 
tional combinations is the use of ceramics with metal powders, but this is 
so much more a problem in the field of ceramics that it will not be considered 
here. 

The experimenter should be acquainted with some of the inherent diffi¬ 
culties in powder metallurgy techniques. For example, diffusion of one 
metal into the structure of another cannot be carried out to produce an 
alloy with a uniform structure. With elements of the corrosion and heat- 
resistant class such as Cr, Co, and Ni, this property of low diffusion rates 
is enormously exaggerated. Powder metallurgy techniques should be di¬ 
rected toward taking advantage of dissimilarity in a structure. 

The other outstanding problem is the difficulty in forming powders in a 
die to complicated shapes with a uniform density throughout the structure. 
This is especially manifest in a shape such as a turbine blade which is thick 
at the base and decreases in a wedge to a thin edge. Die wear is always 
excessive if high pressures are used and refractory powders are being 
pressed. The trend then should be to develop techniques which would 
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produce the required shape at very little or no pressure as is done in the 
manufacture of porous metal filters. 

In spite of these obstructions, the techniques offered by powder metal¬ 
lurgy are unique and suggest exceedingly interesting methods for develop¬ 
ing materials suitable for high-temperature use. It is for this reason that 
such extensive research programs are under way in many laboratories. 

C. Welding 

The welding of highly alloyed heat-resistant metals presents special 
problems which depend primarily on the characteristic properties of the 
materials. Compared to plain-C steels, these alloys have higher electrical 
resistivities, lower heat conductivities, and generally lower melting points. 
In many instances, the welding method suitable for the austenitic alloys is 
applicable to these special compositions if allowance is made for the dif¬ 
ferent characteristics suggested above. Considerations such as shortening 
the time at welding heat and confining the heat to minimum areas to avoid 
distortion and cracking are generally advisable. 

I. T3rpes of Welding 

With the exception of fire welding, which is unsuitable for stainless steel, 
many types of welding may be used for joining heat-resistant alloys if 
proper precautions are maintained. Both resistance welding and oxya- 
cetylene welding are suitable for stainless steel and are applicable for such 
Co-base alloys as ^‘Vitallium^^ and ^‘Hastelloy’’ C. Various types of arc 
welding are suitable, including metal arc welding, atomic hydrogen arc 
welding and inert gas-shielded arc welding. In the last method, argon is 
superior to helium in supplying an inert atmosphere for welding thin sheet 
stock such as No. 24 gage^. 

The submerged arc welding method (Unionmelt) also offers excellent 
protection from oxidation during welding, due to deep penetration of the 
weld metal and the few passes required. In this process, bare weld rods 
are submerged in a molten mineral material. Used in joining turbine 
blades to wheels, this method welds with speeds of 18 to 30 inches per 
minute on 12 inch diameter wheels carrying 144 blades. In this applica¬ 
tion, the rods are | inch diameter and the welding requires only one pass 
on either side of the wheel. At this speed 350 to 600 amps and 30 volts 
are required^ 

n. Weldability 

Difficulty in the weldability of heat-resistant alloys when joined to 
other alloys by a particular welding rod has occurred in turbine blades 
fastened to wheels of a different alloy by means of a welding electrode 
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which may consist of a third alloy composition. It is unfortunate that 
certain combinations of such assemblies were selected and manufacturing 
undertaken without consideration as to the weldability of the various com¬ 
ponents. In actual practice, some combinations of wheel, bucket, and 
welding rod show greater tendencies to crack than others. Test methods 
to produce various types of failure in the laboratory to simulate manufac¬ 
turing conditions are described below. 

An analysis of failures due to cracking of an assembly of buckets welded 
to turbine wheels discloses three types of cracks which may occur: (a) weld 
metal cracking, (b) underbead cracking, and (c) notch extension cracking. 
The last type is by far the most frequent failure. It is a crack that is 
initiated at the junction between the buckets and extends radially into the 
wheel itself. Certain combinations of wheel, bucket, and filler metal pro¬ 
duce extensive and severe cracking at the junction between the buckets, 
while other alloy compositions produce only slight notch extension cracking 
which may possibly be tolerated in the structure during service. 

Wheel and Bucket Design Weld Test. A laboratory test method for 
reproduction of the manufacturing methods encountered in joining blades 
to wheels should reproduce the various types of cracking especially notch 
extension cracking, since this type occurs most frequently. For two types 
of welding, namely, manual metal arc welding and submerged arc welding, 
a test piece can be devised, as shown in Figs. 9-6 and 9-7. In this design, 
8 test buckets are welded to a straight piece, which is more convenient 
for welding and sampling than having the test piece conform to the curva¬ 
ture of an actual wheefi^- 

The single solid plate in Fig. 9-6 represents the wheel. The J-inch seg¬ 
ments welded on the plate represent the buckets. The weld consists of a 
straight line double preparation butt joint. The cut out section indicated 
by a dotted line in the flat plate of the illustration is designed to reduce the 
thermal capacity adjacent to the weld metal at the top and bottom surfaces. 
This relief is actually unnecessary as all types of cracking can be produced 
in the design specimen whether the cut out is present or not. The joint 
preparation for submerged arc welding is a double-V with a f-inch root 
face shown in the upper portion of Fig. 9-6; that for manual arc welding is a 
double-U with a i^-inch root face shown in the lower portion of Fig. 9-6. 

Detail drawings of the segments themselves for the two types of welding 
tests are shown in Fig. 9-7. They are both reduced in thickness from f to 
i inch through a |-inch radius fillet. The base of the segment is similar to 
the base of an actual turbine blade. The section j inch in thickness 
opposite the weld is reduced at the bottom and top surface to lower the heat 
capacity adjacent to the weld metal. This is because some heat-resistant 
alloys are susceptible to cracking in a fusion zone which may be overheated. 
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The submerged arc-welding equipment consists of a head and carriage* 
supplied by 60-cycle AC from two 500-amp transformers. The manual arc 
welding equipment suitable for use with this design test weld is a 400-amp 


Dlteard, and Macro-atch 



motor-generator welding machine. The manual arc method uses a DC- 
reversed polarity. A jig is required to hold the plate and line up the 
8 segments. The jig fixture and all accessory equipment are nonmagnetic 
to minimize the possibility of magnetic effects during welding^^. 

* Unionmelt, Type U, Union Carbide and Carbon Corp. 
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nert) 

Examination of Weld Test Piece. The weld test piece described above 
reproduces all types of cracking which occur during commercial welding of 
wheels and buckets. A survey of the different types of failures is as 
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Weld Metal Fissures: Cracks in the weld metal sometimes occur in 
austenitic stainless steel, as shown in Fig. 9-8 with a wheel of alloy 16-25-6 
welded to a bucket of alloy X-40 with Type 316 filler welding rod. The 
nominal composition of Type 316 filler rod is as follows: 


c 

Mn 

Cr 

Ni 

Mo 

Fe 

0.07 

1.7 

17.5 

12.5 

2.2 

Balance 


Compositions of the other alloys are given in earlier sections of the text. 
Higher P contents tend to increase the susceptibility of weld metal fissures. 
The presence of delta ferrite in the austenite probably decreases the tend¬ 
ency to cracking. The weld metal in Fig. 9-8 shows a typical crack formed 
in a wholly austenitic matrix. 



Fig. 9-8. Typical intergranular micro-fissure in austenitic weld metal. (Timken 
Wheel, X40 buckets, Type 316 filler). Etchant: Mixed acids in glycerol. Magnifi¬ 
cation 1(X)X. (After Linnert) 

Base Metal to Weld Metal Crack: This type of defect originates in the base 
metal and extends into the weld metal. It occurs so rarely that it will not 
be considered here. 

Fusion Line Crack: This defect follows the fusion line between the 
bucket and the weld metal. It is observed to extend only short distances 
and it is probably initiated within the complex alloy structure where the 
weld metal and bucket diffuse. 

Interbucket Notch Extension Crack: This type of failure is by far the most 
frequent in the welding of buckets to turbine wheels. The weld test piece 
as designed reproduces in laboratory tests notch extension cracks. From 
cracks thus produced, it is apparent that the interbucket junction in the 








low-melting constituents at the junction during slower cooling. The 
presence of longitudinal stress increases the liability to cracking. A typical 
notch extension crack is shown in Fig. 9-9 at 100 X obtained from welding 
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anS“816 alloy wheel to an X-40 bucket with ^^Hastelloy” B alloy filler rod. 
The small irregular stringers are areas of segregated material such as 
complex carbides. Proof that the stringers carry segregates is demon¬ 
strated in Fig. 9-10 which shows the segregation in a stringer at 500 X asso¬ 
ciated with a notch extension crack in a 16-25-6 wheel welded to an S-816 
bucket with a Type 316 filler rod. The stringer-like segregation is accom¬ 
panied by severe junction extension cracking. 

The association of the microstructure with cracking suggests that the 
interdendritic segregation of lower melting compounds is a factor in this 
type of failure. These compounds lie transversely in the weld deposit and 
promote severe extension cracking. 

Table 9-1. Depth of Notch Extension Cracking^* 


Bucket Alloy 

Average Cracking Value (64ths Inches) 

Submerged Arc Welded 

Manual Arc Welded 

16-25-6 

19-9DL 

16-25-6 

19-9DL 

1. 16-25-6 

1.0 




2. “Hastelloy^^ B 

1.8 


2.0 

4.4 

3. ‘‘Vitallium’* 

7.3 


2.8 


4. 422-19 1 

10.3 

19.4 

2.8 

8.0 

5. 6059 

12.4 

.... 



6. S-816 

14.6 

10.5 

5.1 

7.0 

7. X-40 

15.7 

19.5 

5.7 

8.9 


Note: Values listed above are the average of all tests with Type 316 filler metal. 


Summary of Notch Extension Cracking. The most frequent type of 
failure in welding buckets to wheels with filler rods by means of manual arc 
metal welding or by submerged arc welding is notch extension cracking at 
the junction of the buckets. 

Table 9-1 shows the depth of cracking measured in 64ths of an inch of 
different alloy combinations welded by the two methods, manual arc metal 
and submerged arc welding. The simpler types of alloys which are mainly 
austenitic in structure are less subject to notch extension cracking. Alloys 
S-816 and X-40 which contain larger amounts of Cb, Mo, W, Co, and 
others are more subject to this failure and the depth of cracking is 
greater. 

Influence of the Welding Method. Where the metal combination is 
prone to cracking, the submerged arc welding method produces deeper 
extension cracks than the manual arc deposit. In combinations of metals 
which show little susceptibility to cracking, the welding method em¬ 
ployed makes little difference. 
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Influence of the Preheat Temperature. Regardless of the welding 
method, preheating from 25 to with narrow deposits does not 

influence the amount of cracking in a combination of 16-25-6 wheel, S-816 
bucket, and Type 316 filler material. However, if the weld deposit is wide 
and submerged arc welded, preheating to 550°C is beneficial. 

D. Inspection 

X-rays. For parts such as turbine blades operating under high stresses, 
porosity must be eliminated at all costs. Inspection by x-rays is required 
for all precision cast blades. The wedge shape of the blade makes it diffi¬ 
cult for the rays to penetrate the heavier section to produce as clear a 
photograph as for the thinner section at the edge. If necessary, separate 
exposures can be made to correct this difference in thickness. 

Surface Inspection. To detect surface cracks in turbine blading, the 
Zyglo, Magnaflux, and supersonic reflectoscope methods of testing are used. 
These methods are especially applicable to forgings where incipient cracks 
may form. 

Hardness. Hardness testing for certain alloys may be required for 
inspection to indicate the degree to which heat treatment, especially aging, 
has been effective. 

E. Design Data 

Many factors complicate the problem of selection of materials for high- 
temperature service and the designer must of necessity follow a difficult 
course in evaluation of the available information. The requirements for 
materials to operate at high temperature depend on a number of factors and 
classification can be considered from several points of view. These may be 
the allowable deformation or flow during service life, temperature fluctua¬ 
tions, or corrosion resistance. The classification suggested below covers 
certain high temperature applications on the basis of physical requirements. 
A tabulation of a number of industries which utilize metals at elevated 
temperatures follows. 

Classification of High Temperature Applications* 

I. On the basis of physical requirements: 

A. Permissible deformation during service 

1. Decidedly limited 

a. Gas turbines, blades, rotors, nozzles 

b. Steam turbines 

c. Valve parts 

d. Bolting 

2. Up to 5.0% 

a. Cracking still tubes 

b. Superheater tubes 

o. Heat exchangers 
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B. Constant versus varying temperature 

1. Constant 

a. Steam turbines 

b. Steam lines 

c. Bolting 

2. Varying 

a. Cracking still tubes 

b. Superheater tubes 

C. Relative importance of strength and stability 

1. Petroleum industry 

a. Sweet crude 

i. Strength 

ii. Oxidation resistance 

b. Sour crude 

i. Corrosion resistance 

ii. Strength 

2. Central stations 

a. Strength 

b. Oxidation resistance 

c. Corrosion resistance (steam) 

II. On the basis of industry: 

A. Central stations 

1. Superheater tubes—1000 to 1300°F (537 to 704°(') 

2. Steam lines—850 to 1050‘^F (454 to 565°C) 

3. Steam turbines—850 to 975°F (454 to 524°C) 

B. Petroleum 

1. Liquid-temperature varies with cycle 

2. Vapor-temperature varies wdth cycle 

C. Aircraft 

1. Turbo supercharger 

2. Jet engine 

D. Miscellaneous 

1. Chemical equipment 

2. Furnace parts 

3. Heat treating equipment 

I. Use of Information from Elevated-temperature Tests 

Many test methods are still controversial especially in regard to the time 
factor. Below are set forth some of the more arbitrary features involved 
in the use of design data. 

(a) In many laboratories conducting creep tests, the transition from 
second stage to third stage creep is arbitrarily taken at the point where the 
deformation becomes 10 per cent greater than the minimum creep rate. 

(b) In general, design stresses are based mainly upon stress rupture, 
creep rates, and fatigue life. A figure of 50 to 60 per cent of the stress 
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required for rupture in the life of the part is generally used®* The value 
of the stress selected is then compared with the maximum allowable de¬ 
formation in that time. 

A comparison of creep strength with hot fatigue strength for various 
alloys is recommended in order that the lower value may be used in de¬ 
signing parts for elevated-temperature service. The relation of these 
values to each other may change depending upon the material and the 
temperature in question. At reasonable values of stress, plain-C steels 
have a higher fatigue resistance than creep resistance. This is also the case 
for 18-8 stainless steel at ()50°C. In general, the alloys considered superior 
in the temperature range of 650 to 815°C have higher fatigue resistance than 
stress-rupture strength in 1000-hour tests. 

For aircraft requirements, tests of materials based on a life of 500 hours 
are reasonable estimates; whereas for stationary gas turbine installations, 
a life of 10 years is hoped for. Naturally, the tendency to wring out data 
from short testing periods to cover a long life expectancy is an every re¬ 
current problem for the designer. 

n. Stresses Encountered in Service 

In a gas turbine rotor, the principal stress is due to the centrifugal force 
on the wheel. This value is more readily determined than the bending 
moment on the blades from impingement of the hot gases. There are also 
the vibratory stresses from the wheel itself. Other factors which are to be 
considered are the method of fastening of the blade to the wheel and the 
natural frequency of the blade in motion®. Changes in design which 
tend to decrease the weight of the blade, as in the use of hollow air cooled 
blades, may be advantageous in decreasing the stresses in service. 

Ill, Temperatures Encountered in Service 

(a) Surface deterioration is very important in plain-C and low-alloy 
steels where scaling is appreciable. The addition of Cr is one of the chief 
elements in decreasing susceptibility to scaling. With the highly alloyed 
refractory metals, high-temperature oxidation and scaling are much less 
important. (Certain alloys form a tough, adherent scale at 815°C which 
makes them suitable for bolting, as for example alloys K42B, ‘Tlefractaloy’^ 
26 and 70, and others. Factors in scaling will be considered in the next 
chapter. 

(b) The method in use of plotting of st ress versus rupture life on log log 
or semi log graphs is still controversial. The fact that one method or an¬ 
other produces a straight line must not be taken as magical in any sense. 
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Slight changes in aging, precipitation, or coalescence, oxidation at grain 
boundaries, and other unknown conditions may result in a deterioration of 
the naterial and a drop in stress on the time axis. Extrapolations always 
present this danger. 

(c) A warning is also given here against assuming that high-temperature 
properties of forged disks and rolled bar stock are comparable as the effects 
of working may result in very different creep rates and stress rupture 
values. As a case in point, two heat-resistant metals in forged disks each 
have a minimum creep rate of 0.1 per cent per 1000 hours at 650°C for a 
stress of 28,000 psi. However, these same two alloys in bar stock at 
650°C have the same creep rate in one case at 36,000 psi and in the other 
case at only 22,000 psi^^ 

(d) Temperatures encountered in gas turbines are variously estimated. 
The gas turbine driven supercharger installed in bombers has an inlet 
temperature of approximately 870°C^®. The gas turbine for jet propulsion 
has an inlet temperature of about 815°C. In order to compete with a 
contemporary stationary steam plant or Diesel plant, it is estimated that a 
turbine inlet temperature must be not less than 815®C. 

Aside from the estimated temperatures encountered in jet engine opera¬ 
tion, there are the other uncertain factors which may result in higher 
temperatures. ‘‘Hot starts’’ raise the temperature of any exhaust part to 
at least 1900°F (lOS^^C). Tail pipe flame or “after burning” in auxiliary 
bursts of speed raises appreciably the temperature of the hot exhaust 
gases, which condition is especially severe on the sheet metal components'^. 
It is estimated that in a life of 1000 hours, an aircraft gas turbine may 
undergo 200 or more cycles of starting, running and stopping. Perhaps 
20 times there may be hot starts with actual flame impingement on the 
blades'^. 

IV. Ductility 

The measurements of total elongation now generally recorded on both 
creep testing and stress rupture are of great value in determining what 
materials are most suitable for high temperature service. If the efficiency 
of the gas turbine is low, greater deformations are possible as clearances are 
larger. In such cases, the stress rupture test offers data which is applicable 
for use by the designer. The most important factor in the determination 
of ductility is the relation of ductility to time over extended periods of 
service. Certain installations require 5 per cent ductility as in blade root 
fastenings and bolts which should yield locally to avoid failure. Such 
elongations are satisfactory if determined in testing periods of 2000 hrs. 
In other instances, a ductility of 2 per cent is accepted in the use of nickel 
base alloys such as “Nimonic” 80 and “Inconel” X. 
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V. Evidences from the Microstructure 

Above 815®C service range, the coarser grains found in cast structures 
are generally superior to the finer grains obtained from forgings. Aging in 
service is followed in many cases by microstructural changes which are 
predictable under specifically controlled conditions. 

In certain of the heat-resistant alloys hardened by additions of A1 and Ti, 
their hardness after service is sometimes a criterion as to the temperature 
they have encountered in service. 

VI. Thermal Expansion and Specific Gravity 

Those alloys highest in Fe have in general the largest thermal expansion. 
Alloys with a Cr base have somewhat lower specific gravities than other 
heat resistant alloys. 

All the cast Co-base alloys require aging for at least 48 hours at 732°C 
before fitting and assembly in order to stabilize the structure and maintain 
a constant coefficient of linear expansion. 

VII. Availability and Costs 

The production method to be selected as casting, forging, or rolling into 
bar stock may depend upon the availability of the equipment if large 
scale operations are needed. The cost of parts produced by different 
methods is sometimes a second consideration as in the case of wartime 
necessities. 

All the special alloying elements added for improved creep strength are 
costly, but Co, Cb, and Ta are especially so. The availability of Ni in 
England has added greatly to the widespread development and use of the 
“Nimonics”. It should also be pointed out here that there exist many 
applications for materials with much lower alloy content such as compressor 
blades of 13 per cent Cr (Types 403, 405, 410) and that the number of 
compressor blades manufactured is many times greater than the rotor 
blades. 

VIU. Applications 

When more information as to service life is known about many of these 
heat-resistant alloys, it is probable that increased uses will be found for 
them in applications not connected with gas turbines. One such possibility 
is in exhaust collector rings in reciprocating engines^. 

IX. Failures 

Failures in most types of turbine blades occur in the middle or about one 
third from the end of the blade due to bending stresses from the impinging 
gases. Fatigue cracks generally start at the leading edge of the blade 
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(towards the stationary diaphragm nozzle blading) or sometimes in the 
center of the blade itself. Fatigue cracks following grain boundaries 
between large dendrites in cast ^‘Vitallium’' blades have been observed. 

Fatigue failures are decreased by careful design of the contour, and by 
reduction of sources of vibration. Fretting failures (seizure) may be allevi¬ 
ated by arranging small air gaps at susceptible junctions. Failures from 
flame impingement and poor heat distribution in the flame tubes are de¬ 
ceased by eliminating thin metal parts in the flame region and with im¬ 
proved fuel injection. Failures in blades are decreased by more accurate 
manufacturing, by providing small radii at root junctions, by avoiding 
turbine vibration, and by improving the material itself as regards strength 
and ductility. 

F. Machining Heat-resistant Alloys 

Machining heat-resistant alloys is in many instances difficult and may 
require low feeds and low speeds. Heat treatment can in some cases be 
utilized to improve the conditions for machining. For those alloys which 
are heat-treatable, the age-hardened condition is often best for machining, 
since the rate of work hardening is less than if the alloy is in the quenched 
state. It is better, however, that drilling be done in the solution (pienched 
condition when the metal is probably softer. Recommendations are given 
below for the optimum conditions and the tools reciuired for machining 
several heat-resistant alloys: 

S816 AUoy. This alloy may be machined in the age-hardened condition 
with high-speed tools operating at 10 to 15 surface feet per minute. The 
substitution of tungsten carbide tools increases machining speeds to 30 to 45 
surface feet per minute^®. 

Cr-base Alloys. These alloys can for the most part be machined with 
cemented carbide cutting tools. Alloys of the compositions between 60 
per cent Cr, 25 per cent Fe, 15 per cent Mo and 60 per cent Cr, 15 per cent 
Fe, 25 per cent Mo are machined in the as-cast conditions at hardnesses up 
to 600 Vickers pyramid number with standard high-speed steel tools. 
Alloys containing more than 15 per cent Mo or W and more than 15 per 
cent Fe are turned and ground to stress-rupture specimens, the threads 
being ground by means of a thread-grinding attachment (M 1 an engine lathe 
and the gage section being turned. 

It may be said that, in general, Cr-base alloys containing about 60 per 
cent Cr and having the Fe-Mo or Fe-W ratio equal to, or greater than, 
5:3 can be machined with high-speed steel tools. Cr-base alloys containing 
about 60 per cent Cr and having the Fe-Mo or Fe-W ratio between 5:3 and 
3:5 can be machined with cemented carbide cutting tools or by grinding. 



MANUFACTURING PROCESSES 


307 


Alloys containing 60 per cent Cr and having Fe-Mo ratios less than 3:5 
can only be ground to shape'\ 

Other alloys for which machining data are available arc included here as 
follows^®: 

19-9 DL Alloy 

Part Machined Turbine Disk 

Sources of Data Universal Cyclops Steel Corp. 

Turbo Engineering Corporation 
Westinghouse Electric and Manufacturing Company 
Rough Machining 
Firthilc T-04 

Hex AAA (18-4-1 plus 5^ cobalt), 210 S.F.M., I" cut, .015" feed, no coolant, used. 
Cobalt High Speed Steel, 125 S.F.M., J" Cut, 0.031" feed. 

“Carboloy”, 650 S.F.M., cut, 0.0015" feed, soluble oil. 

Finish Machining (medium) 

Firthite T-04 
Finish Machining (Fine) 

Cobalt High Speed Steel (10% cobalt), ground to feather edge. 

Milling 

High speed steel (18-4-1), Hex A A, soluble oil. 

26 Cr 20 Nl Stainless Alloy (Type 310) 

Part Machined Cast Diaphragms 

Source of Data General Electric Co., Allis-Chalmers Mfg. Co. 

Rough Machining 

“Carboloy’’ 883, about 25-30 S.F.M., 0.04-0.6" cut, soluble oil ^5014 
High-speed steel for intermittent cuts, 0.005-0.008" feed 
Finish Mavhining 

“Carbology'’ 883, about 55 S.F.M., 0.01-0.02" cut, 0.005-0.008" feed, soluble oil 
^5014 

Formed Tool (Skiving) 

High-speed Steel, soluble oil 

Timken 16-26-6 Alloy (Hot-Cold Worked) 

Part Machined Supercharger Wheel 

Source of Data General Electric Co., Allis-Chalmers Mfg. Co. 

Rough Machining 

“Carboloy” 78B, 55 to 135 S.F.M., i" to 1" cut, .007" feed. 

Soluble oil )jt5014 

“Kennametal” and “Carboloy,” dry (Allis Chalmers) 

Rough Machining Weld 

^‘Carboloy” 78B, 45 to 85 S.F.M., 0.0029-0.0075" feed, soluble oil ^5014 
“Stellite” 98 M-2 
Finish Machining 

“Carboloy” 78B, 170 S.F.M., i" cut, 0.008" feed, soluble oil fii50U 
“Carboloy” 78B, 125 to 250 S.F.M., 0.0039" feed, soluble oil )«^5014 
Form Cutting Tool 

“Carboloy” 78C or 55A, 50 to 60 S.F.M., 0.007-0.012" feed 
High-speed Steel, 15 S.F.M., 0.005-0.007" feed (Better for large tools) 
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Radius Cutting 

“Carboloy^’ 78B 
Drilling 

High-speed Steel, li"' diameter, 180 r.p.m., O.OOO'^ feed, soluble oil ^5014 
Reaming 

High-speed Steel, 0.506'^ diameter, 180 r.p.m., 0.005" feed 
Rough and Finish Grinding (Outside Diameter of Wheel) 

Wheel: Norton No. 36 CL, Size: 14" x li" x 5" 

Spindle Speed: 1500 r.p.m. 

Work Speed: 250 r.p.m. approximately 
Feed ; 0.005" 

Soluble oil 5014 

Grinding (Faces on Sides of Wheel) (Stop on Him) 

Wheel: Norton No. 1980 L6 BE, Serial 16-8, Size: 16" x 1" x 8" 

Spindle Speed: 900 r.p.m., Table Speed : Approximately 50 r.p.m. 

Finish Grinding (Rims Both Sides) 

Wheel: “Carborundum” No. S 10 K 10, Serial 11-2, Size : 11" x 5" x 9" 

Broaching (4 and 5 Section Broaches) 

High-speed Steel (18-4-2) and Mo-W-V IIigh-sj)eed Steel (6-6-2) 

Speed: 64 ft per minute 

Coolant: Continental Broaching, also T^xol 660 using 15 to 25% carbon tetra¬ 
chloride by volume with either of the two oils 
Life: 54 slots per wheel, 5 to 7 wheels per grind 

66 Ni, 16 Cr Alloy (Circle L41) 

Part Machined Turbine Parts 

Source of Data Turbo Engineering Corp. 

Rough and Finish Machining 

“Carboloy” or “Vascoloy”—375 S.F.M. 

“Hastelloy” B Alloy 

Part Ground Special Supercharger Buckets 
Source of Data General h^ectric Co. 

Side Grinding 

Wheel: Norton 1960—L-5-T “Resinoid Bond” 

Speed: 9000 S.F.M., Rough grind in one machine leaving 0.007" on side for 
finishing. 

Coolant: Thread grinding oil 

K42B Alloy 

Pari Machined Turbine Blading 

Source of Data Westinghouse Electric and Mfg. Co. 

Machining is practically limited to the base portion of the blade. Blades pass through 
two milling cutters simultaneously. Cutters are 5" diameter, run at 26 r.p.m., with 
feed of i to i" per minute. Milling cutters are of high-speed steel. 
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Chapter 10 

Lower Melting Alloys 


A. Lead and Lead Alloys. 

Creep tests at room temperature indicate tliat single crystals of Pb are 
subject to deformation at a critical resolved shear stress of approximately 
250 psi“. The specimens tested are commenaally pure l^b sheath of the 
following spectrographic analysis: 

Bi C'u Ag 

0.005 0.0001 0.0003 

The samples are heat-treated prior to the test by holding at 282°C (540°F) 
for 100 hours, followed by slow cooling. Any stress above 250 psi causes 
a relatively rapid creep in the single crystal sample. At the fra(*ture of the 
single crystal of Pb, newly formed grains appear near the break which are 
due to recrystallization from localized heat effects^ 

Creep tests at room temperature on polycrystalline Pb indicate that, in 
the early stages, strain-hardening occurs with slip lines observed at exten¬ 
sions as small as 0.1 per cent. As is to be expected, the slip lines change 
direction at the grain boundary. With increase in time of the creep test, 
a new system of slip lines may occur and extend across the original grain 
boundaries, indicating a reorientation of the crystals. If elongation is 
plotted on a graph against time, the early portions of the curve show a 
normal strain hardening followed by a break in the curve due to the re¬ 
crystallization. The reoriented grains are sometime's larger than the orig¬ 
inal ones and may be 10 times greater^’ 

The purer the Pb, the smaller is the deformation required for recrystal¬ 
lization. On annealed electrolytic Pb of extremely high purity, a constant 
stress of 500 psi causes recrystallization after extensions of 1.3 to 2 per 
cenP®. Certain commercially pure Pb samples do not exhibit such a 
reorientation when creep tested at room temperature. The change is 
repressed if the metal is heated to 120 to 130°C and cooled quickly^®. 

In Table 10-1, the results of creep tests on pure polycrystalline lead at 
room temperature are given^^ Coarse-grained samples have a greater 
creep strength than fine grained samples. 

310 
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Table 10-1. Creep Tests on Pure Polycrystalline Lead 
AT Room Temperature^^ 

Spectropic Analysis of Pure Lead 


Grain 

Sn 

sb : 

Cd 

cu ! 

Ar 

Bi 

Zn 

Coarse 

nil 

<0.002 

0.00002 

<0.0005 

<0.0005 

0.0005 

nil 

Fine 

nil 

nil 

0.0001 

0.001 

1 0.001 

0.001 

0.001 


Both samples contain 0.0(X)5 Fe. As, Te, A1 not detected. 
Room temperature variations: 23.5° C summer maximum. 

12.5° C winter minimum. 

For 24-hour period variation not greater than 3° C. 


Creep Tests on Virgin Pb at Room Temperature 



Stress 

Life 

Extension 

Reduction 

Min Creep Rat 


(psi) 

(day.s) 


Area (%) 

(Strain/Day 
X 10-“) 

Coarse-grained 

200 

660 

0.33* 


0.04 


300 

942 

2.0 U 


0.17 


400 

1482 

21.0 U 


0.72 


500 j 

i 585 

10.0 B 

50 

1.44 


600 

210 

24.0 B 

72 

4.17 


700 

1 66 

30.5 B 

97 

13.8 

Fine-grained 

500 

; 311 

87 B i 

94 

10.6 


600 

i 70 

60 B 

98.5 

47.7 


* Test discontinued II Unbroken B Broken. 

Coarse-grained: Av. grain area per sq mm at beginning of test 0.84. 
Fine-grained: Av. grain area per sq mm at beginning of test 0.01. 

Coarse-grained lead: extruded rod, specimens machined from in diam rod. 
Fine-grained lead: extruded rod, specimens machined from 11 in diam rod. 


B. Mg-base Alloys 

Mg-base alloys in the form of heat-treated castings and die castings 
find wide use for operation over a modest range of temperature as they are 
relatively stable up to at least 150°C (300®F). The alloys described below 
are commercially available except for the Mg alloys containing cerium used 
in German aircraft. Solution heat treated sand castings and hard-rolled 
Mg alloy sheet are not included in these tests as they are unstable above 
150°C (300°F). 

In Table 10-2 are listed a series of Mg alloys containing Al, Ce, Mn, and 
Zn with their nominal compositions and room temperature physical 
properties. The tensile strengths of these alloys at room temperature vary 
from 24,000 to 50,000 psi and the yield strength from 14,000 to 34,000 psi, 
with elongations of 2 to 17 per cent^*. 
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Table 10-2. Properties of Magnesium Base Alloys** 


Designation 

Nominal Composition 

Typical Properties at Room 
Temperature 

ASTM 

Dow 

A1 

Ce 

Mn 

Zn 

Tensile 

(psi) 

Yield 

(psi) 

[0.2% strain 

Elonga¬ 
tion (%) 
in 2* 

Castings 

AZ92 

c-s* 

9 

0 

0.2 

2 

24,000 

14,000 

2 

AZ92 

C-HTAt> 

9 

0 

0.2 

2 

40,000 

23,000 

2 

AZ92 

C-HTS« 

9 

0 

0.2 

2 

40,000 

20,000 

3 

AZ63 

H-S» 

6 

0 

0.2 

3 

29,000 

14,000 

5 

AZ63 

H-HTAb 

6 

0 

0.2 

3 

40,000 

19,000 

5 

AZ63 

H-HTS« 

1 6 

0 

0.2 

3 

40,000 

17,000 

7 

AZ90 

1 Rd 

9 

0 

0.2 

0.7 

33,000 

22,000 

3 

ElO 



10 









Forgings 





Ml 

M 

j 1 


1.5 


36,000 

23,000 

7 

AZ80 

0-lHTAb 

8.5 


0.2 

0.5 

50,000 

34,000 

.... 

5 

EM22 



2 

2 j 



Extrusions 

Ml 

M 



1.6 


38,000 

26,000 

10 

AZ31 

FS-1 

3 


0.2 

1 

40,000 

30,000 

15 

AZ61 

J-1 

6 


0.2 

1 

40,000 

32,000 

15 

AZ80 

0-lHTAb 

8,5 


0.2 

0.5 

50,000 

34,000 

7 

Sheet 

Ml 

Ma 



1.5 


33,000 

15,000 

17 

Ml 

Mh 



1,5 


37,000 

29,000 

8 


(a) Sand-cast and stabilized 4 hrs at 260°C (500°F). 

(b) Heat-treated and aged 16 hrs at 177'’C (350°F). 

(c) Heat-treated and stabilized 4 hrs at 260®C (500°F). 

(d) Die-cast. 

L Short-time Tension Tests 

Short-time tension tests on the alloys given in Table 10-3 were conducted 
under ASTM specifications E21-43 on round bars of 0.505 in diameter and 
under ASTM specifications E8-42 for sheet stock with standard sheet 
tension specimens. Samples held 10 mins at temperature prior to testing 
have a temperature variation through the reduced section of less than 
l^F. The tests represent a rate of straining determined by a cross head 
speed of 0.05 in per min up to the yield point and 0.25 in per min from 
this point to rupture. Test temperatures range from 35°C to 315®C (95®F 
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Table 10-3. Short-time Tensile Properties Mg-base Alloys^ 


Material 

Temp 

PC) PF) 

Tensile Strength 
(psi) 

Yield Strength 

0.2% strain 

Elongation (%) 
in2'' 

Sand Castings 

C-S 

35 95 

24,000 

18,900 

0.3 


94 200 

24,100 

16,400 

0.9 


150 300 

24,100 

13,500 

3.6 


232 450 

15,500 

9600 

31.9 


315 600 

9100 

5100 

60.7 

C-HTS 

35 95 

40,700 

22,000 

3.2 


94 200 

39,300 

18,700 

7.7 


121 250 

35,300 

17,600 

35.0 


150 300 

27,500 

15,700 

26.0 


232 450 

15,100 

9900 

41.4 


315 600 

8600 

5400 

76.2 

C-HTA 

35 95 

43,400 

26,000 

2.0 


94 200 

41,300 

22,000 

25.0 


121 250 

35,600 

20,000 

29.7 


150 300 

28,000 

18,000 

35.0 


205 400 

16,900 

10,900 

36.0 


260 500 

11,300 

7400 

33.0 


315 600 

7800 

5100 

49.0 

H-S 

35 95 

28,300 

17,700 

3.7 


94 2(X) 

29,600 

15,100 

7.5 


121 250 

29,400 

14,400 

9.2 


150 300 

26,100 

12,700 

32.7 


232 450 

14,100 

7800 

42.9 


315 600 

7800 

4400 

65.2 

H-HTS 

35 95 

38,700 

17,800 

7.6 


94 200 

38,000 

16,500 

15.2 


121 250 

33,400 

15,700 

19.5 


150 300 

27,000 

14,200 

40.3 


232 450 

14,900 

8600 

33.2 


315 600 

7300 

3700 

77.2 

H-HTA 

35 95 

38,700 

17,700 

5.5 


94 200 

36,000 

17,300 

11.0 


121 250 

32,400 

16,500 

11.0 


150 300 

24,500 

15,000 

15.0 


205 400 

17,500 

12,000 

17.0 


260 500 

12,000 

8800 

15.0 


315 600 

8200 

5600 

20.0 

ElO-HTA 

35 95 

19,100 


0.5 


150 300 

20,100 

18,200 

1.0 


205 400 

21,300 

18,400 



260 500 

16,700 

10,200 

2.0 


315 600 

15,500 

7400 

10.0 
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Table 10-3. Continued 


Material 

Temp 
("C) (“F) 

Tensile Strength 
(psi) 

Yield Strength 
^si) 

0.2% strain 

Elongation (%) 
in 2 ’' 




Die Casting 



R 

35 

95 

34,200 

21,900 

4.0 


94 

200 

32,700 

21,100 

5.0 


150 

300 

27,600 

16,200 

14.7 


232 

450 

14,600 

9800 

17.0 


315 

600 

7000 

3600 

20.7 

Forgings 

M 

35 

95 

33,600 

18,800 

11.6 


94 

200 

23, KK) 

13,800 

25.7 


121 

250 

22,400 

16,000 

25.5 


150 

300 

19,9(K) 

12,000 

30.7 


205 

400 

17,200 

9100 

34.2 


260 

5(K) 

10,100 

5900 

87.5 


315 

600 

6000 

3800 

140.0 

0-lHTA 

35 

95 

52,900 

39,500 

4.5 


150 

300 

31,000 

20,700 

30.3 

EM22 

35 

95 

36,400 

26,000 

11.5 


150 

300 

25,400 

20,600 

19.0 


Extrusions 


35 

95 

39,600 

30,900 

7.6 

94 

200 

27,000 

21,300 

15.0 

121 

250 

24,400 

18,800 

20.2 

150 

300 

21,300 

15,700 

18.7 

205 

400 

18,800 

11,700 

25.0 

260 

500 

13,000 

7500 

60.0 

315 

600 

9000 

5400 

93.0 

35 

95 

39,900 

28,600 

16.6 

94 

200 

34,800 

22,000 

20.2 

121 

250 

30,600 

18,300 

29.0 

150 

300 

24,700 

14,500 

38.2 

35 

95 

45,800 

33,100 

14.3 

94 

200 

42,300 

26,400 

21.0 

121 

250 

39,000 

25,800 

30.7 

150 

300 

30,400 

20,200 

40.5 

205 

400 

21,400 

14,700 

42.0 

260 

500 

12,900 

8200 

64.0 

315 

600 

7900 

5100 

70.0 
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Table 10-3. Continued 


Material 


Temp Tensile Strength 

(“C) M (psi) 


Yield Strength 
(psi) _ 
0.2% strain 


Elongation (%) 
in 2' 


Extrusions Continued 


0-lHTA 

35 95 

56,500 

40,500 

4.5 


94 200 

48,500 

32,100 

20.0 


121 250 

42,000 

26,600 

33.0 


150 300 

33,600 

21,400 

41.2 


205 400 

21,600 

14,700 

49.0 


260 500 

13,600 

7800 

83.0 


315 600 

8700 

j 4700 

123.0 


Sheet 


Ma 

35 

95 

33,000 

20,200 

17.7 


94 

200 

24,200 

16,200 

31.0 


121 

250 

21,600 

14,700 

40.5 


150 

300 

19,300 

12,700 

44.0 

Mh 

35 

95 

36,000 

27,000 

10.0 


94 

200 

29,700 

26,700 

7.7 


121 

250 

27,300 ! 

24,500 

11.7 


150 

300 

1 

25,000 

21,200 

16.0 


to GOOT). As with other alloy systems, Mg-base alloys have lower tensile 
and yield strengths and larger elongation with increase in temperature 
under short time tension tests. The ElO-IIAA alloy has the highest 
strength at 205°C (400°r) of 21,300 psr^ 


II, Stress-Rupture Tests 

Stress-rupture values for the same Mg-base alloys are given in Table 
10-4 which represents tests carried out to a limit of about 1000 hours. 
Included also in the data is the time to reach the beginning of third-stage 
creep, the elongation at the beginning of third-stage creep, the elongation 
at rupture, and the rupture time. The test methods for both stress 
rupture and creep conform to ASTM specifications E22-41 for conducting 
long-time high-temperature tension tests. The chief difference in the two 
methods is in the accuracy of strain measurements. 

At 35°C (95°F), the alloys can withstand stresses for 1000 hours which 
are fairly close to the short-time tensile strength. At 150^^0 (300°F), 
however, it is only the Ce-bearing alloys that maintain a reasonable 
strength after 1000 hours^®. 



316 


METALS AT HIGH TEMPERATURES 


Table 10-4. Stress-Rupture Tests of Mg-base Alloys*® 


Material 


Temi 

("C) 


f^F) 


Stress 

(psi) 


Hours to 
Third Stage 
Creep* 


Extension 
Third 
Stage {%) 


Hours to 
Rupture 


Extension at 
Rupture % 
in 2- 


Sand Castings 


C-S 

35 

95 

25,000 

No rupture in 1000 hrs 





26,000 

Broke in loading 




150 

300 

11,000 

300 

2.3 

890 

20.1 




12,000 

168 

2.3 

550 

20.5 

(;-HTS 

35 

95 

37,000 

720 

9.6 

1176 

21.0 




40,000 

140 

7.2 

265 

15.6 


150 

300 

9000 

430 

3.5 

910 

29.6 




10,000 

145 

2.0 

354 

33.7 

C-HTA 

35 

95 

34,000 

480 

7.4 

1156 

28.8 




40,000 

115 

9.0 

233 

26.8 


121 

250 

12,000 

495 

2.7 

1080 

30.5 




14,000 

120 

5.7 

290 

30.9 


150 

300 

8000 

405 

2.5 

1181 

32.9 




10,000 

84 

2.1 

288 

35.7 

H-S 

35 

95 

27,000 

No rupture in 1000 hrs 





28,000 

Broke 

in loading 




150 

300 

10,000 

285 

3.6 

660 

30.2 




12,000 

78 

4.3 

183 

29.6 

H-HTS 

35 

95 

39,000 

730 

7.6 

840 

14.7 


150 

300 

9000 

540 

4.5 

915 

34.0 




10,000 

180 

5.5 

450 

26.7 

H-HTA 

150 

300 

9000 

330 

2.4 

728 

10.8 




; 10,000 

90 

1.4 

310 

11.0 


Forgings 


0-lHTA 

150 

300 

10,000 

310 

3.5 

794 

30.5 




12,000 

160 

3.5 

356 

26.7 

EM22 

150 

300 

23,000 

420 

0.55 

1258 

19.3 




24,000 

230 

1.4 

578 

17.3 


Extrusions 


M 

35 

95 

24,000 

1300 

16.6 

1420 

21.1 




25,000 

340 

13.5 

477 

22.1 


150 

300 

12,000 

680 

14.7 

1115 

38.5 




14,000 



232 

41.8 

FS-1 

35 

95 

31,000 

570 

15.1 

866 

30.4 

1 


1 

32,000 

330 

15.9 

418 

28.9 


150 

300 

7000 

390 

10.5 

900 

55.0 




8000 1 

180 

9.5 

410 

54.0 

J-1 

35 

95 

42,000 

660 

8.4 

1158 

24.7 




44,000 

210 

9.1 

299 

21.9 


150 

300 

6000 

360 

4.2 

1174 

71.0 




10,000 

114 

3.2 

312 

44.4 
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Table 10-4. Continued 


Material 

Temp 
(*C) ("F) 

Stress 

(psi) 

Hours to 
Third Stage 
Creep* 

Extension 
Third 
Stage (%) 

Hours to 
Rupture 

Extension 

Rupture 

Extrusion Continued 

OdHTA 

35 

05 

40,000 

610 

8.4 

1228 

24.8 




42,000 

116 

12.0 

284 

23.2 


121 

250 

12,000 

180 

3.2 

780 

50.4 




14,000 

00 

4.4 

370 

41.5 


150 

300 

8000 

300 

3.5 

1148 

43.9 





Sheet 




Ma 

35 

95 

22,000 

265 

9.3 

630 

39.8 


150 

300 

0000 

625 

2.9 

996 

64.0 



1 

10,000 

1 285 

2.1 

531 

73.0 

Mh 

35 

05 

i 25,500 

1 1190 

1.6 

1645 

10.6 


i 


26,000 

i 130 

0.9 

290 

14.5 


j 150 

300 

12,000 

j 190 

5.1 

800 

47.7 




14,000 

90 

3.5 

176 

35.0 


* The beginning of third stage creep is taken as the point of inflexion on the 
curve. 

Ill, Creep Tests 

Creep data for the above Mg-base alloys carried out under ASTM 
specifications E22-41 are presented in Table 10*5 taken at various tem¬ 
peratures for 0.1, 0.5, and 1.0 per cent creep in 100 hrs. The sand-cast 
alloy H-HTS has a yield strength at 94'^C (200‘^F) of 10,500 psi and for 
100 hours has a 1 per cent creep rate under a stress of 17,500 psi. At 
150®C (300®F), the Mg alloy with Ce, EM22, has the highest creep strength 
for 1000 hours, 17,800 psi. Mg alloys are unusual in that they break with 
a ductile fracture after long periods of loading. Large deformations in 
service before failure of the part may serve as a warning. 

C. Al and Al Alloys 

I. Pure Al 

Pure Al tested in creep at elevated temperature may fail with either 
transcrystalline or intercrystalline fractures depending on the amount of 
elongation that occurs. At 250°C, Al poly-crystals stressed to produce 
failure in 20 mins have 4 per cent elongation and a transcrystalline fracture. 
At this same temperature if the stress is lowered so that failure occurs after 
220 hrs with 20 per cent elongation, the fracture is intercrystalline^® - 
The transition from one type of fracture to the other occurs at about 10 
per cent elongation. 

Single crystals of Al heated to 250°C and creep tested in tension show 
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Table 10-5. Creep Data Without Rupture of Mg-base Alloys^ 


Material 

Temp 
(“O (“F) 

Stress (psi) in Extension 0.1% 

Stress (psi) for 
Extension 0.5 % 

Stress (psi) for 
Extension 1% 


100 hrs 1 1000 hrs 

1000 hrs 

1000 hrs 


Sand Castings 


C-HTS 

35 

95 

21,800 

16,000 




94 

200 

9400 

7400 

12,800 



121 

250 

6900 

3900 

8100 



150 

300 

3400 

1500 

3800 


C-HTA 

35 

95 

19,000 

17,900 




94 

200 

8600 

6800 

11,200 



150 

300 

3100 

1900 

3800 


H-S 

94 

200 

9600 

6800 




121 

250 

6500 





150 

300 

4200 

2200 

5300 


H-HTS 

35 

95 

20,100 

17,400 




94 

200 

11,000 

7100 

15,400 

17,500 


121 

250 

8600 

4200 

10,200 

11,700 


150 

300 

4100 

1700 

4200 

6200 

H-HTA 

35 

95 

22,000 

18,200 




94 

200 

11,000 

8900 




150 

300 

3500 

1600 

4200 

6300 

ElO-HTA 

205 

400 


7300 




260 

500 

4800 

3400 




315 

600 

1800 





Forgings 


0-lHTA 

EM22 

150 300 

177 350 

150 300 


17,800 

3000 

5300 

4400“ 

Extrusion 

M 

35 95 

16,800 

14,300 

16,600 



94 200 

13,900 

13,800 




121 250 

13,000 

10,700 

11,800 

12,200 






14,000“ 


150 300 


5700 

7400 

8200 

Sheet 

Ma 

35 95 

13,900 

13,500 

14,000 



121 250 


7600 




150 300 



4800 



(a) Stress for 5 per cent extension 
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normal slip lines in the early stages of deformation. If the load is main¬ 
tained over a sufficiently long time, heavy deformation bands appear which 
are not characteristic of polycrystalline Al. This effect is detected in 
single crystals of Al at 250°C stressed at a creep rate of 1.15 per cent per 
day. Under these conditions failure occurs at the end of 719 hours with a 
total elongation of 37 per cent. If the creep rate for stressing single 
crystals of Al is lowered to 0.1 per cent per day, the first appearance of slip 
bands is delayed considerably and is observed after greater extensions of 
the crystal. 

II. Al Alloys 

a. Commercial Al Alloys. — 1. Elevated-temperature Properties. The high- 
temperature properties of a series of commercial Al alloys in sheet form 
tested from 23 to lOO'^C (75 to 375''F) are shown below. The composition, 
heat treatment, grain size and tensile properties at 23°C (75°F) of the 
alloys are listed in Table 10-6^^. Alloy 24S is a naturally aged alloy whereas 
the other alloys are artificially aged. Natural aging is the increase in 
hardness which occurs at room temperature. 

The elevated-temperature properties of the above commercial Al alloys 
in sheet form are shown combined in a series of graphs (Figs. 10-1 to 
10 - 6 ) 13 . 16 ^ 

The results of short-time tensile tests on alloys 24S-T, 24S-T81, 24S-T86, 
and 75S-T are shown in Fig. 10-1 for test temperatures from 35 to 190®C 
(94 to 375°P"). All samples were exposed 1000 hours at the test temper¬ 
ature in the unstressed condition before the short-time tensile test. All 
samples are stressed transverse to the direction of rolling. The tests 
represent strain rates of 0.06 inch per min of the cross head of the tensile 
machine. However^ in the 2-inch gage length of the specimen, the strain 
rate varies considerably during the test due to plasticity in this region. 
Average values of observed strain rates obtained from samples with a 2- 
inch gage length and expressed as inch per inch per minute are as followsi^: 


Stress 

M Hr 

1000 Hrs 

at 100“C (212'*F) 

at 190®C (375*F) 

Zero stress to yield stress 

0.0028 

0.0046 

Yield stress to fracture 

.019 

.026 

Zero stress to fracture 

.014 

.021 


The short-time tensile properties of all four alloys after 1000 hours^ 
exposure to the test temperature in the unstressed condition remain high 
at temperatures up to 121°C (250®F). The alloy 75S-T has a sharp drop 
at this temperature which is not unexpected, since this is also the temper¬ 
ature for artificial aging of this alloy as shown in Table 10-6. 
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Table 10-6. Room-temperature Properties of Some 
Commercial Aluminum Alloys^*^ 

Nominal Composition 


Material 

Cu 

Mn 

Mg 

Si 

Zn 

Cr 

Al 

248 

4.5 

0.6 

1.5 




Bal 

758 

1.6 

0.2 

2.5 


5.6 

0.3 

Bal 

R301 

4.5 

1 

0.8 


1.0 

1 


Bal 


Standard Heat Treatments 

24S-T 24S alloy solution-heat-treated at 488°C to 5()0°C (010°F to 930°F) followed 

by quenching in cold water and aging at room temiierature. 

24S-T81 24S-T stretched 1 per cent and aged 10 hrs at PX)°Cv (875°F) or 12 hrs at 

185°C (365°F). 

24S-T86 24S-T strain-hardened by rolling to a reduction of about 5i per cent and 
aged hrs at 190°C (375^) or 8^ hrs at 185°C (365°F). 

R301-T R301 alloy solution-heat-treated at 500°C to 510°C (930°F to 950°F) fol¬ 

lowed by quenching in cold water and aging at 177°C (350°F), or 18 hrs at 
160°C (320°F). 

75S-T 75S alloy solution-heat-treated at 46()°(’ to 500°(' (860°F to 930°F) followed 

by quenching in cold water and aging 24 hrs at 121 °C (250°F). 

In accordance with commercial procedure,straightening by st retching or roll-flatten¬ 
ing is carried out by a cold deformation of about 1 per cent. 


Grain Size* 


Material 


24S-T “Alclad” 
24S-T81 
24S-T86 “ 

75S-T 

R301-T (clad) 


Rolling Direction 
(grains per mm) 

19 

22 

17 

16 


Tliickness Direction 
(grains per mm) 


60 

65 

44 

54 


* Number of grains per mm cut by a straight lint^. All counts made in ])lane 
parallel to rolling direction and perpendicular to surfac(5 of sheet. 


Tensile Properties at 23°C (75°F) 

All materials in form of 0.04 in clad sheet. 


Material 

Tensile Strength 
(psi) 

Yield Strength 

0.2^1 strain 

1 Elong % in 2^ 

24S-T “Alclad” 

63,000 

47,400 

16.5 

24S-T81 

66,100 

62,200 

5.7 

24S-T86 

67,300 

64,000 

5.3 

76S-T “Alclad’^ 

75,500 

67,700 

10.5 

R301-T (clad) 

66,000 

59,900 

9.5 
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TEMPERATURE - T TEMPERATURE- ‘F 

Fig. 10-2. Effects of temperature and tensile stress on fracture time and creep rate—24S-T Alclad sheet. Direc¬ 
tion of stress: Cross-grain Gage length: 6 inches. Sheet thickness: 0.040 inches. Time in furnace before applica¬ 
tion of load: 1 hr. (includes 45 min. to reach temperature). (After Flanagen, Tedsen, and Dorn) * Time 
measured from attainment of full load. 
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ISd ooa - SS3«IS 3 HSN 31 iSd 0001 - SS3aiS 31ISN31 



ISd OOOI-SS3dlS 31ISN31 ISd 0001 - SSSdlS 31ISN3X 


Fig. 10-3. Effects of temperature and tensile stress on fracture time and creep rate—24S-T81 Alclad sheet. Direction 
of stress: Cross-grain. Gage length; 6 inches. Sheet thickness: 0.040 inches. Time in furnace before application of load: 
1 hr. (includes 45 min. to reach temperature). (After Flanagen, Tedsen, and Dorn) * Time measured from attainment 
of full load. 
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TEMPERATURE - ’F TEMPERATURE - T 

Figure 10-4. Effects of temperature and tensile stress on fracture time and creep rate—24S-T86 Alcladsheet. Direc¬ 
tion of stress: Cross-grain. Gage Length: 6 inches. Sheet thickness: 0.040 inches. Time in furnace before appli¬ 
cation of load: 1 hr. (includes 45 min. to reach temperature). (After Flanagen, Tedsen, and Dorn) * Time measured 
from attainment of full load. 
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ISd 0001 -SS3biS 3niSN31 


ISd 0001 - SS3dlS 3niSN31 


TEMPERATURE - ‘F TEMPERATURE - *F 

Figure 10-5. Effects of temperature and tensile stress on fracture time and creep rate 75S-T Alclad sheet. Direc¬ 
tion of stress: Cross-grain. Gage length: 6 inches. Sheet thickness: 0.040 inches. Time in furnace before applica¬ 
tion of load: 1 hr. (includes 45 min. to reach temperature). (After Flanagen, Tedsen, and Dorn) * Time measuTed 
from attainment of full load. 
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TEMPERATURE - ’F TEMPERATURE - 'F 

Fig. 10-6. Effects of temperature and tensile stress on fracture time and creep rate—R301-T (clad) sheet. Direction ol 
stress: Cross-grain. Gage length: 6 inches. Sheet thickness: 0.040 inches. Time in furnace before application of load: 1 hr 
(includes 45 min. to reach temperature). (After Flanagen, Tedsen, and Dorn) * Tirtie measured from attainment of ful 
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Clad A1 alloys show a primary and a secondary modulus of elasticity due 
to the separate effects of the cladding and core, the former having the lower 
yield stress. With increase in temperature these moduli are lowered but 
the effect of time at temperature appears to be insignificant. The values 
of the primary and secondary moduli tend to approach each other as the 
temperature is increased. 

In A1 alloys subject to buckling in service, it is sometimes desirable to 
know the shape of the stress strain curve in the plastic region. The 
modulus thus determined from stress strain curves in both tension and 
compression is the tangent modulus. The tangent modulus is lowered by 
both increase in temperature and exposure time. 

2. Stress-Rupture Tests. Stress-rupture tests for alloys 24S-T, 24S-T81, 
24S-T86 and 75S-T at temperatures from 35 to 190°C (94 to 375°F) for 
1000-hour tests are shown in Fig. 10-1 for comparison with short-time 
tensile data. At 23°C (75®F) the charts indicate that the rupture stress 
equals or exceeds the yield stress and is only slightly lower than the ulti¬ 
mate stress. But above 65°C (150^F) the rupture stress falls off compared 
to the short-time tensile stress except in the case of the 24S-T where the 
rupture stress does not fall below the tensile yield stress until the tem¬ 
perature of 121°C (250°F) is reached. 

The effect of time on the rupture strength of the above alloys and also 
on alloy R301-T is shown in Figs. 10-2 to 10-6^^. Exposure periods are 
1, 10, 100, and 1000 hours. In the range of 35 to (94 to 211°F), the 
75S-T alloy has the highest values. Above this range the alloy 24S-T86 is 
superior. These stress-rupture curves are useful especially in showing the 
decrease in strength with increase in time at the higher temperatures. 
For alloys displaying this deterioration, the use of the tangent modulus in 
designs is untenable . 

Comparisons of elongations at fracture of four alloys, 24S-T, 24S-T81, 
24S-T86, and 75S-T with elongation in the short time tensile test at 35 
to 190°C (94 to 375°F) are shown in Table 10-7. The rupture time for the 
stress-rupture tests is the same as the time of exposure in the unstressed 
condition prior to the short time tensile test. An increase in time generally 
lowers the ductility of the alloys in both test methods. Values for elonga¬ 
tion are for the most part lower at the higher temperatures. 

3. Characteristic Fractures. The A1 sheet test pieces show two types of 
fractures (a) one perpendicular to the axis of the specimen and (b) one 
with a fracture inclined at about a 60- angle to the axis. Alloy 75S-T 
at 94° F breaks according to type a; at higher temperatures it breaks 
according to type b. For the other alloys, the reverse is generally true 
Such effects depend on the anisotropy of the sheet. 

4. Creep Strength. In Figs. 10-2 to 10-6 the tensile stress is plotted 
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Table 10-7. Comparison of Elongations at Fracture in Stress Rupture 
AND Short Time Tensile Tests* of Al Alloys^® 

2I^S-T ^^Alclad** US-T81 ^^Alclad^' 


Temp 


Elong % in 2* 


Elong % in 2* 

CO (^F) 

Time (hrs) 

Stress Rup¬ 
ture 

Tensile 

Time (hrs) 

Stress Rup¬ 
ture 

Tensile 

35 94 




5 

6.5 

5.0 





12 

6.0 

5.0 





34 

6.0 

5.0 

99 211 

5 

19.0 

15.5 

10 

7.5 

7.0 


54 

17.5 

16.0 

57 

7.0 

7.0 


258 

16.0 

16.5 

456 

7.0 

7.0 


570 

10.0 

16.5 

790 

9.5 

7.5 


668 

10.0 

16.5 




150 300 

7 

15.5 

18.0 

6 

8.0 

7.5 


41 

7.0 

14.0 

24 

7.0 

7.5 


124 

5.5 

11.0 

128 

6.0 

7.5 


253 

2.5 

9.0 

253 

4.5 

7.5 


658 

3.5 

8.0 

611 

3.0 

8.0 

190 375 

7 

6.5 

12.0 

8 

9.0 

9.5 


75 

6.0 

8.0 

311 

7.0 

9.5 


381 

5.5 

10.5 

562 

6.0 

9.5 


671 

5.0 

11.5 

664 

5.0 

9.0 

35 94 

4 

5.0 

4.0 

26 

13.5 

10.5 


126 

5.5 

4.0 

197 

15.0 

10.5 


545 

5.5 

4.0 

347 

15.0 

10.5 

99 211 

5 

7.0 

6.0 

9 

16.5 

14.0 


18 

7.5 

6.0 

90 

15.5 

12.0 


101 

6.0 

6.0 

276 

11.5 

12.0 


583 

4.0 

6.0 

992 

13.0 

11.5 

150 300 

5 

6.0 

7.0 

2 

15.5 

14.0 


25 

7.5 

7.0 

30 

11.5 

11.0 


140 

5.0 

7.0 

189 

12.0 

11.0 


508 

4.0 

7.5 

479 

9.5 

13.0 


865 

2.0 

8.0 

1452 

13.0 

17.0 

190 375 

3 

6.0 

8.0 

33 

14.0 

16.5 


317 

3.0 

9.0 

74 

16.5 

18.5 





500 


26.5 


959 

3.5 

10.5 

1000 


29.0 


* Direction of stress: Cross grain. Sheet thickness 0.04 in. Tensile tests per¬ 
formed after indicated exposures in unstressed condition. Tensile and stress rup¬ 
ture samples taken from different sheets. 


against the log of the ci*eep rate for the four alloys mentioned above. 
Many of the alloys tested at higher temperatures do not show straight 
lines in these graphs due to precipitation effects. 
d. Properties of Wrought Al Alloys 205 to /i26''C (400 to 500°F). Tests 
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on A1 alloys are extended to higher temperatures since it has been esti¬ 
mated that parts of reciprocating aircraft engines, such as pistons and 
cylinder heads, may develop localized areas which reach 370 to 425°C 


Table 10-8. Properties of Wrought Al Alloys*® 


Chemical Composition 


Material 

Si 

Fe 

Cu 

Mg 

Mn 

Ni 

Zn 

Cr 

Pb 

Bi 

Ti 

XB18S 

0.58 

0.31 

3.89 

1.43 

0.01 

2.14 

0.02 

0.01 

0.01 

O.Ol' 

0.03 

18S 

.58 

.45 

3.98 

0.64 

.05 

2.01 

.02 

.01 

.01 

.01 

.01 

24S 

.10 

.25 

4.41 

1.41 

.67 

0.01 

.02 

.01 

.01 

.01 

.01 

32S 

12.18 

.41 

.89 

1.20 

.01 

.87 

.02 

.01 



.01 


Heal Treatment to Produce T-Temper 

XB18S Hold for 1 hr, water-quench, temper at 171°C (340°F) for 10 hrs. 

18S Same as for Alloy XB18S. 

24S Hold at 493°C (920®F) for 1 hr, water-quench, temper at room temp 4 days. 

32S Hold at 515®C (960°F) for 1 hr, water-quench, temper at 171 °C (340®F) for 

12 hrs. 


Nominal Room Temperature Properties in T-Temper 



Tensile Strength ! 
(psi) 

Yield Strength 
(psi) 

F.long (% in 

2 in) 

Reduction of 
Area (%) 

Brinell Hardness 

XB18S* 

45,600 

61,200 

14.5 

28.4 

117 

18S 

47,000 

63,000 

17.0 


115 

24S ! 

46,000 

68,000 

22.0 

i 

120 

32S 

i 46,000 

1 56,000 

! 8.0 

j 

125 


* Actual properties 


Grain Size* 


Material 

i 

Fabrication 

Solution Treatment 

Average 

Grain 

Range of Grain Size (in) 

Time (hrs) 

Temp (T) 

Diam (in) 

XB18S-T 

Hot-rolled 

1 

960 

0.0006 

Fairly uniform 

XB18S-T 

Forged 

1 

960 

.0020 

0.00165 to 0.00236 

XB18S-T 

Hot-rolled 

10 

960 

.0013 

Fairly uniform 

32S-T 

Hot-rolled 


960 

.0011 

0.00079 to 0.00118 

24S-T 

Hot-rolled 

1 

1 

920 

.0027 

0.00158 to 0.00315 
Some very large grains 

18S-T 

j Hot-rolled 

1 

960 

.0013 

0.00099 to 0.00197 


* Average of 25 to 40 measurements. 


(700 to 800®F). The alloys selected for this study are shown in Table 
10-8^®. Included are the composition, heat treatment and room-temper¬ 
ature properties. Test samples are taken from 1-inch hot-rolled rods. 
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In the case of the XB18S-T, some samples are representative of rod forged 
to |-inch rounds. 

6. Short-time Tension Tests of Wrought Al Alloys. The results of short- 
time tension tests are shown in Table 10-9 for the wrought alloys XB18S-T, 
24S-T, and 32S-T at 205 to 426°C (400 to 800°F). The values of the 

Table 10-9. Short-time Tensile Properties of Al Alloys*® 


(All bars held 1 hr at temperature before being pulled. Bars pulled 0.02 in per min 
to 0.02 per cent offset yield, then 0.10 in per min to rupture.) 


Material 

1 

Number j 

1 

Temp 

(“F) 

Tensile 

Strength 

(psi) 

Yield Si 
(PJ 

0.1% 

offset 

trength 

>i) 

0.2% 

offset 

Elong 
(% in 2 
in)* 

Reduc¬ 
tion of 
area 

(%) 

Apparent 

Modulus 

of 

Elasticity 

X io« 

XB18S-T 

1 

A6J 

400 

47,400 

40,000 

41,500 

14.4 

29.3 

9.65»> 


A6K 

400 

48,300 

39,200 

40,800 

15.9 

33.4 

9.10'* 


A4J 

500 

30,500 

28,500 

30,000 

24.0 

55.4 

9.5 


A4K 

500 

27,900 

22,800 

24,300 

12.0 

35.7 

9.7 


A4L 

600 

14,000 

12,000 

12,250 

41.0 

74.7 

9.0 


A4M 

600 

14,700 

11,600 

12,200 

33.0 

74.9 

8.4 


ASF 

700 

7250 

5500 

6000 

55.0 

83.0 

5.5 


A8G 

700 

7650 

6100 

6300 

64.0 

86.0 

3.5 


A5L 

800 

2940 

1340 

1430 



1.6*= 


ASH 

800 

2700 

1700 

1800 



1.45 

24S-T 

GIH 

400 

51,700 

44,000 

45,000 

19.0 

46.0 

9.8 


GIJ 

400 

52,500 

32,500 

34,500 

26.0 

46.0 

9.8 


GIK 

5(X) 

28,700 

23,900 

24,600 

28.0 

75.0 

8.4 


GIL 

500 

27,400 

22,900 

23,800 

20.0 

82.0 

8.7 


GIM 

600 

17,700 

15,140 

15,300d 

25.0 

81.0 

9.6 


G2A 

600 

18,700 

16,000 

16,500 

29.0 

81.0 

8.3 


G2B 

700 

10,800 

9300 

9500 

36.0 

84.0 

9.1 


G2C 

700 

9550 

8200 

8400 

54.0 

92.0 

4.9 

32S-T 

LIP 

500 

27,200 

24,200 

25,000 

9.0 

18.0 

9.6 


1 liq 

500 

27,200 

24,500 

25,800 

10.0 

28.0 

7.4 


(a) Specimens were not broken. Elongation is greater than stroke of machine 
under normal conditions. 

(b) Bars pulled 0.02 in per min to 0.02 per cent offset yield, then 0.06 in per min 
to rupture. 

(c) Held for 2 hrs at temperature. 

(d) Estimated. 


modulus of elasticity which are included are only approximations as the 
stress-strain curves for Al alloys at these high temperatures indicate 
plastic flow at relatively low loads^®. 

7. Creep Tests of Al Alloys. The results of creep tests on Al alloys 
XB18S-T both hot-rolled and forged, as well as the hot-rolled Al alloys 
24S-T, 32S-T, and 18S-T are shown in Table 10-10^®. They represent 



Table 10-10. Creep Tests of Al Alloys*® 


Material 

No. 

Temp 
(“C) (^F) 

Stress 

(psi) 

Initial 

De¬ 

forma¬ 

tion 

(%) 

Min 
Creep 
Rate 
(% per 
hr) 

Final 
Creep 
Rate (% 
per hr) 

Total 

De¬ 

forma¬ 

tion 

(%) 

Con¬ 
trac¬ 
tion on 
Release 
of 

Load 

(%) 

Dura¬ 

tion 

(hr) 

XB18S-T 

A6L 

205 

400 

10,000 

0.069 

0.000160 

0.000160 

0.240 


478 


A6M 

205 

400 

15,000 

.406 

.000900 

.002200 

1.440 

0.120 

697 


A3K 

260 

500 

5000 

.052 

.000360 

.001250 

0.636 

.064 

501 


A3J 

260 

500 

10,000 

.138 

.022000 

a 

a 


a 


A8C 

315 

600 

1000 

.017 

.000310 

.000310 

.365 

.009 

618 


A8B 

315 

600 

2500 

.017 

.006100 

b 

b 

b 

b 

24S-T 

GIB 

205 

400 

10,000 

.117 

.000025 

.000025 

.148 

.117 

524 


GIC 

205 

400 

15,000 

.175 

.000130 

.000140 

.304 

.181 

572 


GIF 

315 

600 

1200 

.013 

.000040 

.000040* 

.035 

.023 

526 


GIE 

315 

600 

2000 

.015 

.000080 

.000080*^ 

.076 

.018 

553 


GIG 

315 

600 

3000 

.030 

.000120 

.000120 

.152 

.023 

528 

32S-T 

LIB 

205 

400 

10,000 

.119 

.000300 

.000470 

.443 

.122 

722 


Lie 

205 

400 

8000 

.062 

.000120 

.000140 

.195 

.077 

528 


LID 

315 

600 

1500 

.041 

.000270 

.000270 

.240 

.019 

497 


LIF 

315 

CyOO 

2500 

.021 

.002200 

d 

d 

d 

d 


LIE 

315 

600 

3000 

.047 

.006000 

o 

e 

e 

e 

18S-T 

JIN 

315 

600 

1000 

.017 

.000090 

.000090 

.076 


498 


JIL 

315 

600 

2000 

.024 

.000330 

.000330 

.295 

.021 

500 

XB18S-T^ 

F4C 

205 

400 

15,000 

.170 

.000450 

.000720 

.506 

.180 

502 


FSB 

315 

600 

1000 

.015 

.000350 

.000350 

.212 

.009 

503 


(a) Broke at 96.8 hrs; 38.8 per cent elongation; 61.2 per cent reduction of area. 

(b) Broke at 257.8 hrs; 84.7 per cent elongation; 90.9 per cent reduction of area. 

(c) Average creep rate between 100 and 150 hrs. Rate varied somewhat during 
test. 

(d) Broke at 552 hrs; 48.5 per cent elongation; 81.3 per cent reduction of area. 

(e) Broke at 244 hrs; 38.9 per cent elongation; 78.0 per cent reduction of area. 

(f) Forged. All other specimens from rolled alloy. These specimens were run 
at the same temperatures and stresses as rolled XB18S-T specimens A6M and A8C 
so that a direct comparison of the results of rolled and forged fabrication could be 
made. 


Table 10-11. Tensile Stress Fatigue Tests on Al Alloys.*® 


Temp 

Stress (pi) 


Cycles for Failure 


(“C) (T) 

XB18S-T 

32S-T 

24S-T 

18S-T 

205 

400 

30,000 

1,754,800 
3,299,500« 

3,477,460 

476,300 

432,900 

233,500 

236,700 

260 

500 

15,000 

3,826,000 

86,000“ 

10,000,000“ 

791,200 

1,760,000 

793,000 

315 

600 

7000 

4,200,600“ 

5,103,500 

1,866,000 

18,433,300 

7,973,000 

371 

700 

3000 

2,986,400 

241,000“ 

4,155,900 

19,101,100^ 

3,000,000 


(a) Forged specimen. 

(b) Unbroken. 
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tests conducted at temperatures from 205 to 315°C (400 to 600and 
times of approximately 500 hours. 

The effect of grain size for the 18S alloy rod in relation to creep rate is 
given below^®: 


Per Cent Creep of 18S Hod [10 hrs. at 515° C (060° F), BWQ—12 hrs at 171° C 
(340° F)] AT 400° F AND AT END OP 50 HRS 



Structure (^4 in rod) 

1 15,000 psi 

20,000 psi 

Coarse grain 

i ().()5() 

0.10 

Medium grain 

' . 10 

.20 

Fine grain 

i .32 

.81 


BWQ: Boiling watnr quench 


These results are consistent with those determined for other metals where 
fine grains are associated with higher creep rates. 

8. Hot Fatigue Tests of Al Alloys. Fatigue tests shown in Table 10-11 
are representative of measurements of tensile repeated stress on specimens 
subjected to axial loading at temperatures from 205 to 371°C (400 to 
700 F).* The temperature control of the furnaces is it 10° F and the rate 
of application of the load is 1500 cycles per minute. The tests are con¬ 
ducted on the basis of continuous heating of the specimen over a 24-hr 
period but fatigue testing is carried out only during a 10-hr period of the 
day. Thus for 10 days operation at the selected temperature, the speci¬ 
men receives 9 million cycles of stress. 

Above 205°C (400°F) two types of fracture are observed, one which is 
typical of fatigue failures, and the other which is ductile and resembles a 
static failure^^ 

9. Thermal Expansion of Al Alloys. The thermal expansion and con¬ 
traction coefficients of several Al alloys are shown in Table 10-12. The 
coefficients of expansion of the 32S alloy are nearly 15 per cent less than for 
alloys 18S, XB18S, and 24S. Samples aged at 371 and 426°C (700 and 
800°F) show smaller dimensional changes after being heated and cooled 
than alloys aged at lower temperatures as indicated in the last column of 
Table 10-12. 

10. Compressive Properties of Al Alloy Sheet. With the method of 
de-icing aircraft structures by heating them from exhaust gases to tem¬ 
peratures up to 150°C (300°F), the effect of buckling on commercial Al 
alloys at this temperature becomes important. The yield strength de¬ 
termined from compression testing of sheet stock at high temperatures is of 
value in selecting materials for this type of service. 

* Krouse tensile stress fatigue-testing machine. The mean stress in the tensile 
stress method is about i the maximum stress. 
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The results of compression testing a series of commercial A1 alloys in 
sheet form of a nominal tfiickness of 0.125 inch are given below from experi¬ 
ments conducted in compression testing equipment of special design to 

Table 10-12. Coefficients of Expansion and Contraction 
OF Rolled Aluminum Alloys* 

j Sample No 

1778B I 1779 I 1779A I 1779B 


Average Coeffi¬ 
cient of Ex¬ 
pansion per 
(“F X 10-«) 

68 to 200° F 
68 to 400° F 
68 to 600° F 
68 to 800° F 

Average Coeffi¬ 
cient of Con¬ 
traction per 
°F X 10~«) 

800 to 68° F 
600 to 68° F 
400 to 68° F 
200 to 68° F 

t C h a n g e in 
Length after 
Heating and 
Cooling % 

(a) T-temper. 

(b) T-temper and aged at 700° F for 100 hrs. 

(c) T-temper and aged at 800° F for 500 hrs, 

* Data from National Bureau of Standards. 

t Determined at 20° C from the expansion curve on heating and the contraction 
curve on cooling. Positive values indicate an increase in length; negative values, 
a decrease in length. 



1776 1776A | 1776B | 1777 | 1777A | 1778 1778A 


minimize fi*iction and control the temperature. The alloys are basically 
24S, R301, and 75S as listed in Table 10-13 with standard commercial heat 
treatments and room-temperature strength propertit's. Alloy 301-T is 








334 


METALS AT HIGH TEMPERATURES 




TIME AT TEMPERATURE, HRS. 


Fig. 10-7. Effects of temperature and exposure time on compressive yield stress 
at elevated temperatures. (After Flanagen, Tedsen, and Dorn) 
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is clad with 2.3 per cent by weight of pure Al, but the other alloys are 
bare. Alloy 24S-T is solution-treated and aged at room temperature. 
The other alloys are all artificially aged at higher temperatures. Since 


Table 10-13. Properties of Al Alloys at Room Temperature.^^ 
Nominal Composition 


Material 

Cu 

Mn 

Mg 

Si 

24S 

4.5 

0.6 

1.6 


R301 

4.5 

0.8 

0.4 

1.0 

75S 

Principal hardening agents are Zn and Mg with smaller additions 
of Cu and other elements. 


Note: In each case the remainder consists of Al and normal impurities. 
Heat Treatment 


Material 


Heat Treatment 


24S-T 

24S-T81 

24S-T86 

R301-T 

75S-T 


24S alloy solution heat-treated at 488 to 500® C (910 to 930® F) followed 
by quenching in cold water and aging at room temperature. 

24S-T stretched 1 per cent and aged 10 hrs at 190° C (375° F) or 12 hrs 
at 185° C (365° F). 

24S-T strain hardened by rolling to a reduction of about 5J per cent 
and aged 5^ hrs at 190° C (375° F) or 8i hrs at 185° C (365° F). 

R301 alloy solution heat treated at 500 to 510° C (930 to 950° F) fol¬ 
lowed by quenching in cold water and aging 6 hrs at 177° C (350° F) 
or 18 hrs at 160° C (320° F). 

75S alloy solution heat treated at 460 to 500° C (860 to 930° F) followed 
by quenching in cold water and aging 24 hrs at 121° C (250° F). 


Tensile Properties at Room Temperature 


Material 

Tensile Strength 
! (psi) 

Yield Strength 0.2% offset 
(psi) 

Elong (% in 2 in) 

1 

24S-T bare 

70200 

50500 

20.0 

24S-T81 

70400 

65900 

7.0 

24S-T86 

75500 

71500 

5.5 

75S-T 

83700 

75400 

11.0 

R301-T clad 

69800 

63600 

10.0 


Average cross grain values based on four tests for each material at 23° C (75° F). 


these alloys may age with exposure to high temperature, it is also im¬ 
portant to determine the effect of exposure with time. To accomplish this 
end the alloys are subject to exposure at the test temperature for periods 
of time from 1 to 1000 hours^^. 

11. Compressive Yield Stress. The compression tests are conducted at a 
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constant strain rate of 0.002 in per in per min with continuous loading of the 
specimen throughout the test. The compressive yield stress for each alloy 
at the test temperature is plotted in Fig. 10-7 against the log time of exposure 
of the alloy in the unstressed condition. The 24S-T alloy shows an increase 
in the compressive yield strength at 150''C (300°F) which is to be expected 
since it was aged originally at room temperature. Alloys 24S-T86 and 
24S-T81 show the greatest stability at elevated temperature on the basis of 
compression testing. The 75S-T alloy loses strength most rapidly due to 
the fact that its artificial aging temperature is lower than that for the 
other alloys. In general, the effects of prior exposure at the test tempera¬ 
ture and the compressive properties at elevated temperature are compa¬ 
rable to the same tests derived from tension data. The modulus of 
elasticity in compression decreases with increase in temperature and is 
especially marked with alloy 75S-Ti^. 
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Chapter 11 
Scaling 


A. Scale Formation 

The resistance of metals to surface attack on exposure to elevated tem¬ 
peratures depends largely upon the type of scale formed. The physical 
properties of the film, such as its adherence to the base metal, its porosity, 
and its tendency to crack, determine the ability of the metal to withstand 
surface attack. The type of scale formed depends also upon chemical 
properties, such as its composition, density, melting and boiling points. 
On a clean metallic surface exposed to an atmosphere containing oxygen 
molecules, oxygen forms in layers up to about 0.0002 mm. under conditions 
which differ from those governing the formation of heavier layers. The 
rate of formation and the nature of these very thin films will not be con¬ 
sidered here. 

There are many conditions in film formation which tend to increase the 
thickness of oxide layers. Films formed on metallic surfaces may volatilize 
rapidly; they may be porous; they may crack intermittently; or they may 
increase in thickness by diffusion of metal or oxygen atoms through the 
layer. All these conditions have been substantiated in scale formation and 
they may all occur at the same time. Other factors governing the forma¬ 
tion of oxides in relation to the base metal on which they form are deter¬ 
mined by their heats of formation, their dissociation pressures, their densi¬ 
ties relative to the base metal, and the diffusivity of the films formed. 

I. Noble Metal Oxides 

Noble metals represent a class where the metal base has little affinity for 
oxygen; the oxide, if formed, is relatively unstable and decomposes on 
being heated. The dissociation pressures of these oxides are below that of 
the partial pressure of oxygen in the atmosphere and they decompose 
when their dissociation pressures approach the partial pressure of oxygen. 
Silver oxide (Ag20) decomposes at 190°C (375°F). Pd oxide dissociates 
at SOO^C (1472°F); Rh oxide dissociates at llOO^C (2012°F). 

n. Oxides that Volatilize Readily 

The metal Mo remains bright when exposed to a stream of oxygen at 
high temperature and loses weight continuously. The oxide being formed 
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is volatile and passes off as a gas leaving fresh metal exposed beneath for 
further attack. Other metals such as Ir, Ru, and Os form volatile oxides 
and thus lose weight when heated in air. Pt loses weight on being heated 
to 1000 to 1200°C. At high temperatures, the oxides of W also volatilize^^. 

in. Volume Relations of Scale and Metal 

A tough, adherent scale is formed on a metal surface if the specific 
volume of the scale is equal to or greater than the specific volume of the 
metal. If the molecular weight of the oxide formed on a metal is M and 
its density is D, the volume occupied by 1 gm-molecular weight is M/D. 
For the metal destroyed by this weight of oxide, if its atomic weight is m 
and its density is d, the volume of 1 gm-atomic weight is m/d. If the 
volume of the oxide has not changed in relation to the volume of the metal 


Table 11-1 


Metal 

MdlmT>y^ 1 

A/rf/mD* 

Na 

0.57 

0.57 

K 1 

0.41 ! 

0.45 

Mg i 

0.79 1 

0.79 

Ca I 

i 0.64 ‘ 

0.65 

A1 

! 1.24 j 

1.28 

Be 

1.70 1 

1.59 

Cu 

1.71 

1.68 

Zn 

1.58 

1.52 

Ni 

: 1.60 

1.52 

Fe 

i 2.16 

1.77 


from which it was formed, {M/D divided by m/d equals 1), the film may 
be considered to cover the surface. But for metals forming less dense 
oxides {Md/mD < 1), the oxide film may be stretched across the metal 
surface with a tension that results in cracking or crumbling of the film. 
This argument is not valid for formation of llu' first layer as pointed out 
above. 

If, on the other hand, the oxide volume is greater than that of the metal 
from which it was formed {Md/mD > 1), then the oxide layer is in com¬ 
pression on the metal surface. This condition also may be a cause of 
cracking if the compressive strength of the film is low. Table 11-1 shows 
a list of metal oxides classified as to their relative densities^ - 

These values represent data from two different sources, and though they 
do not agree exactly, the order of the metals is the same. The first four 
metals listed (Na, K, Mg, and Ca) are characterized by oxides occupying 
low volumes where Md/mD < 1. These metals are very reactive to 
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oxygen and, moreover, their oxide films are kno^vn to be porous, so that 
oxidation is rapid. On the other hand, although A1 is very reactive to 
oxygen, the value of MdImD is greater than unity, or about 1.24. The 
film which forms also has a high compressive strength. These facts can 
well account for the protective nature of A1 oxide. The other metals listed 
above which have relative densities greater than unity form adherent 
scales. They are not, however, necessarily considered as oxidation- 
resistant. In general, this rule of relative densities appears to hold more 
consistently for the metals with relative densities less than unity^^. 

IV. Diffusion through Oxide Films 

If impervious films are formed on the heavy metals Cu and Fe, they 
should protect the surface from further oxidation. Since, however, the 
scale continues to form cm these metals, the theory of diffusion through 
films is postulateMl as follows*'^ The radius of the metal cation being 
smaller than that of the oxygen Um, it is possible that diffusion of the metal 
cation through the lattice takes place. It is characteristic of both CU 2 O 
and FeO that they have slightly less metal than the oxide formulas require, 
which suggests that ^'acant spaces on the oxide lattice exist through which 
the metal cation moves. Furthermore, electrons are free to move out¬ 
ward through the tilm, which tends to prevent an accumulation of an 
electrical charge. At the surface the electrons can react with oxygen to 
prochice O" and permit further oxide formation. This phase of the theory 
is supported in the case of Cu, as observations show that increasing the 
oxygen pressure in the atmosphere imTeases the electrical conductivity 
of the C 112 O film. 

The mechanism of film formation by passage of metal cations outward 
due to metal deficit in the oxide lattice appears likely for the case of film 
formation on iron. The Fe ions move outward through the film to the 
oxide-gas interface and react with the oxygen. The process is compared 
to an electrolytic cell with its metal-base cathode and gas-atmosphere 
anode short-circuited by an external resistance, which is the electron con¬ 
duction through the oxide. The emf of the cell is determined by the free 
energy of formation of the oxidc“% 

Many metals appear to form oxides by this mechanism of metal deficit. 
A study of the electrical conductivities of metallic oxides shows a close 
correlation to the protective qualities of film formation. In the case of A1 
and Be, which have a fixed valency, the oxides AI 2 O 3 and BeO have accurate 
compositions, low electrical conductivities and are highly protective to the 
metal beneath. 

With metals of more than one valency, the higher oxides are likely to be 
free of metal deficiencies. Fe 203 has more Fe than the formula requires 
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and Cr203 has more Cr than is required. This is probably also true of 
ZnO, as its conductivity decreases as the pressure of oxygen is increased^®. 
The more refractory or higher melting oxides have lower electrical con¬ 
ductivities and have lower scaling rates. They are therefore more suitable 
for alloying with other metals for oxidation resistance. 

V. Weak Films and Susceptibility to Crackmg 

Many oxide films may fail to protect the metal beneath due to mechanical 
weakness. It is known that both ZnO and Fe203 are not hard and they 
may be weak as well. Any film of sufficient thickness may crack and per¬ 
mit oxygen to penetrate to the metal. Such a mechanism may be the pri¬ 
mary cause of oxidation rather than metal deficit in the oxide lattice. 

VI. Multiple Oxidation Films 

Certain metals have more than one oxide in the films built up under 
oxidizing conditions. Cu forms an inner layer of CU2O, and an outer layer 
of CuO. If the oxygen is reduced sufficiently in the atmosphere, the CuO 
layer does not form^®. 

The temper colors formed on iron at relatively low temperatures are pro¬ 
duced by interference films of Fe203 which lie directly on the metallic base. 
As the temperature of the metal is raised, magnetite (Fe304) forms as an 
inner layer beneath the Fe203. This condition persists up to about 575^C. 
In this temperature range an inner layer of FeO forms which is stable above 
575°C. The electrical conductivity of the FeO layer is the highest of the 
three, which suggests that the thickness of the layers and the diffusivity of 
the iron ion in each phase are related. At 1022*^F (SSO'^C), the relative 
thickness of the layers is^-: 


Layer 

Thickness % 

FeO 

85-90 

Fea04 

10-15 

Fe20a 

0.5-2 


If scale is removed mechanically from iron, it can be separated into the 
following layers: 

(a) An inner layer consisting of FeO, where the inner side is next to the 
adsorbed oxygen layer and the outer side of the FeO is the original surface 
of the iron. 

(b) A middle layer consisting of FeO, where the inner side is the original 
surface of the iron and the outerside is next to the Fe304. 

(c) An outer layer consisting of Fe804 and Fe203. 
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The composition of each of the three oxides of Fe is not exactly that re¬ 
quired by the chemical formulas. All three oxides show a deficit in Fe 
content which is higher at the inner layer. At 1832°F (1000''C), the Fe 
contents of the oxide layers at equilibrium are^^: 



Outer 

Interface 

Inner 

Interface 

Theoretical (%) 

Outer layer 


70.3 

PejOa 69.9 

Middle layer 

72.35 

72.6 

FcaO, 72.35 

Inner layer 

75.6 

76.9 

FeO 77.75 


The innermost portion of the scale on Fe becomes porous after a short time. 
This fact suggests that if the Fe ion moves outward at a rate faster than 
the rate of oxidation of the Fe core, porosity of the inner side of the film is 
to be expected. 

Vn. Effect of Time on Scaling of Metals 

The incidence of cracks in films on metals during oxidation at high tem¬ 
perature changes markedly the rate of film formation. Intermittent crack¬ 
ing also occurs in a number of metals such as Cu and Al. Experimental 
observations show that at constant temperature oxide films form on metals 
at rates which vary in three ways expressed by (1) a linear relation, (2) a 
logarithmic relation, and (3) a parabolic relation^*^. If y is the thickness of 
the film and t is the time recjuired for its formation, then at constant 
temperature: 


Linear 

y — kit + kz 

(1) 

Logarithmic 

y — kz log {kilt kz) 

(2) 

Parabolic 

7/2 = k^t 4* kj 

(3) 


At constant temperature, the metal Ca oxidizes at a constant rate ex¬ 
pressed by a linear function with time. This can be explained on the basis 
that cracks form in the film readily and expose fresh metal to the action of 
the atmosphere. In metals where this relation holds, the film offers no 
protection against oxidation. 

The increase of film thickness with time is varied for any metal by many 
factors. At lower temperatures, when films are thinner, the effect of flaws 
or cracks is more important and the formation of the film is likely to proceed 
logarithmically with time. As the temperature is raised and film thick¬ 
nesses increase, the metal may change its response to time, and the film 
thickness may increase as a parabolic function. This is the characteristic 
relation by which film thickness increases for many metals expressed by 
= ht^ where x is the weight or thickness of the metal consumed in scale 
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formation, t the time and k the rate constant. The formation of any film 
which is permeable, whether due to movement of metal out or oxygen 
inward, or both, leads to the expression of a parabolic function. Ni, W, 
and Cu at ordinary pressures form oxides for a wide range of temperatures 
at rates which are parabolic functions. In the case of Fe, calculations of 
the constant k from values of the conductivities of the oxide and the relative 
mobilities of the positive and negative ions agree with experimentally 
determined values^ ^ 

Vni. Effect of Temperature on Film Formation 

The increase in rate of film formation with increase in temperature is 
expressed by an exponential function which is characteristic of diffusion 
processes. To move through a film, a particle requires a certain critical 
energy, which is proportional to e or the energy for the diffusing 

particle to jump from one position of low potential energy to the next. 
The general expression for variations in the rate of film formation with 
temperature, or the rate constant k is 

A- = 

A and Q are constants, R is the gas constant, and T the absolute tempera¬ 
ture. In this formula, a straight-line relation exists for log k plotted against 
1/T, which is consistent for experimental ob.servations in the examples of 
Cu and brass. Plotting log k against \/T for Fe results in two straight 
lines which intersect at about 930°C due to the transformation of alpha to 
gamma Fe^. 

B. Measurement of Scale Formation 

I. Microscopic Examination 

A qualitative examination of the process of oxidation in many metals is 
frequently visible under a microscope. Scale formation may proceed along 
grain boundaries at first and the oxides diffuse later through the grain 
itself. In the case of Fe, intergranular attack is readily observed and is 
often associated with lowered ductility of the material in service. The 
decrease in C in carburized layers due to oxidation may also be observed 
under a microscope. 

n. Changes in Weight 

The decrease in weight of a specimen after removal of the scale is a means 
of measuring scale formation. The difficulties here are that removal of all 
the scale may not be complete, especially in the case where diffusion of the 
oxygen into the base metal has occurred. It is useful in evaluating pickling 
methods or in ascertaining damage to the surface finish. 
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The increase in weight of a specimen during oxidation is an extremely 
useful method of measuring scale formation. It is usually carried out at 
constant temperature for specified periods of time. For films that are 
liable to spalling, a means for collecting the non-adherent scale is required 
and the non-adherent scale weighed. For films that volatilize at higher 
temperatures, this method is useless. 

III. Tests on Wires 

Wires designed for electrical heating units may he tested by determining 
the period for burning out at a specified temperature^. Alternate heating 
and cooling of a wire dipping into a pool of Hg is established as a severe 
life test for intermittent heating by an electrical current with a cycle of 2 
mins off and 2 mins on. Such a test uses a r2-ineh long sample of wire of 
No. 20 or No. 22 gage (A.S.T.M. B7(3-39). The temperature may be 
adjusted to 1120 to 1170°C (2050 to 2150'^F) as measured by an optical 
pyrometer-. Such a test is valuable in determining the life of the alloy 
under the specific conditions of the test for comparative purposes only. 

C. Composition of Scale Formed on Alloys 

The composition of the scale formed on a metallic surface may bear little 
relation to the amount of the element present in the base metal. The 
determining factor is the activity of the alloying element to oxygen com¬ 
pared to that of the base metal with oxygen. If the activity of the alloying 
element is greater than that of the base metal, its oxide appears in the scale 
and may be present in very large percentages. If the activity of the ele¬ 
ment with oxygen is less than that of the base metal, the oxide of the alloy¬ 
ing element may appear in segregated areas. 

This situation is exemplified in the case of elements added to Fe to form 
alloy steels. Elements which form refractory oxides and have greater 
affinity for o.xygcn, as Cr, Si, and Al, appear in the inner layer as the re¬ 
fractory oxide or as a double oxide with FcO^-. As scaling progresses these 
elements may build up concentrations four times that represented in the 
composition of the steel base. In the outer oxide layers, the concentration 
of the added element decreases and may be as low as 10 per cent of its 
composition in the steel. With highly alloyed steels, the oxide layers may 
consist almost entirely of the refractory oxide. This condition tends to¬ 
ward low diffusion rates in the film and results in a highly protective layer. 

Elements which are less reactive to oxygen than Fe, such as Ni, appear in 
the inner oxide layer but in patches or segregated areas and provide little 
protection. A 5 per cent Ni steel contains particles in the scale which may 
have a Ni content of 30 per cent. 

Grain boundaries often play an important role in determining the extent 
of attack on a metal as oxygen diffuses into the base metal by these channels. 
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Certain metals as Ni, Co, and Mo increase the solubility of oxygen in Fe 
and the penetration of oxygen is thereby enhanced, especially along grain 
boundaries. Such increased solubilities may lead to surface cracking of the 
metal during hot-working or cracking during pickling. 

The composition of scale being formed on a metal surface should not 
result in the appearance of a eutectic which has a lower melting point. 
As an example, the addition of 0.04 per cent B to a 30 per cent Cr steel 
destroys its resistance to scaling at 2200°F (1200°C)^^ Steels with more 
than 5 per cent Si are readily attacked above 2200°F because of the forma¬ 
tion of Fe0-Si02 eutectic melting at 2250^F (1240°C). 

In protecting Cu from oxidation, it is important that a film should be 
formed wholly of the oxide of the alloying constituent and that no CuO 
exist in the protective layer. Such additions as Al, Be, and Mg offer some 


Table 11-2. *Increase in Weight from 4 Hrs at 800° C in Dry Oxygen 


Material 

MgIDm'i 

Type of Scale 

Pure Cu 

1624 

Black oxide, freely scaling 

Cu + 5% Al (not treated) 

15.6 

Tenacious black oxide 

Cu + 5% Al (treated in H) 

3.1 

No visible oxidation 


* Milligrams per square decimeter. 


resistance to the oxidation of Cu^h The best protection is obtained if a 
means is devised to form a thin film of alumina or beryllia free from CuO. 
With an alloy of Cu containing 5 per cent Al, heating the sample at 800°C 
for 15 minutes in pure hydrogen which contains water vapor forms a 
thin film of alumina on the surface of the Cu alloy^®. This procedure 
gives excellent oxidation resistance as shown in Table 11-2. 

The pure Cu forms a heavy scale after 4 hours at 800^C in dry oxygen. 
The Cu with 5 per cent Al has an adherent scale with a smaller increase in 
weight. The same alloy pretreated to form an alumina film shows no 
visible oxidation under the same heating conditions. 

I. Properties of a Good Scale 

The properties required for a protective scale on a metallic surface may 
be summed up as follows^^: 

Good adhesion 
Sufficient elasticity 

No volume change from that of the base metal 

Low electrical conductivity 

High melting and boiling points 

No eutectic formation 

Small permeability for metal or oxygen 

Suflicient alloy constituent to namntain proper alloy content of the scale 
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D. Effect of Various Elements in Oxidation Resistance of Fe 

The element Cr is the single most effective one in increasing oxidation 
resistance of Fe at high temperatures. Amounts as low as 2 per cent Cr 
show a perceptible corrosion resistance over plain-C steels. In Fig. 11-1, 
the effect of increasing Cr content on Cr-Fe alloys is shown in various 
atmospheres of H 2 S and oils at elevated temperatures. The penetration 
of the film is seen in the chart to decrease with increase in Cr content. 



PERCENT CHROMIUM IN Cr-FeALLOY 

(Courtesy Babcock and Wilcox Tube Company) 

Fig. 11-1. The effect of chromium on corrosion of Cr-Fe alloys 

The maximum temperature for the effective protection of a scries of 
alloy steels with varying amounts of Cr is shown in Table 11-3“. These 
values indicate only that excessive scaling will not occur at these tempera¬ 
tures in the unstressed condition. 

E. Effect op Atmospheres 

I. Oxidation in Air 

A comparison of scaling of any metal or alloy under different conditions 
leads to many inaccuracies, as slight changes in impurities in the metal or 
in the atmosphere, or rate and time of heating may lead to very different 
values. Any attempt to indicate the temperature range for stability of 
various metals and alloys is for the purpose of comparison only. Exact 
duplication of the experimental conditions is required for checking results. 
On this basis, the temperature for stability of some common metals in air 
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is suggested in Table 11-3A for a loss in weight from scaling less than 0.0002 
to 0.0004 gm per sq cm per hr^^. 


Table 11-3. Temperature Range for Satisfactory 
Operation without Excessive Scaling* 


Material 


Max Temp in Oxidizing Atmosphere 




(“F) 

(“C) 

501 

5Cr-Mo 


1150 

621 


7Cr-Mo 


1200 

648 


9Cr-Mo 


1250 

676 

403 , 410 

12Cr 


1300 

704 

430 

17Cr 


1550 

843 

442 

21Cr 


1750 

954 

446 

27Cr 


2000 

1093 

302, 304 

18-8 ' 


1650 

899 

302B 

18-8 Si 


1800 

i 982 

309 

24-12 

1 

2000 

1093 

310 

25-20 


2100 

1149 

316 

18-8 Mo 


16.50 

; 899 

321 

18-8 Ti 


1650 

899 

347 

18-8 Cb 


1650 

; 899 


* Compiled by Subcommittee on Wrought Heat Resisting Alloys.* 


Table 11-3A. Stability of Metals in Air* 


i 

Max Temp for Stability 

Material 

_ _ __ _ 



X 

“F 

Cu 

450 

842 

Fe 

500 

932 

Brass (70Cu, 30Zn) 

700 

1292 

Ni 

1 800 

1472 

Cr 

1 900 

1652 


* Loss in weight from scaling less than 0.0002 to 0.0004 gm per sq cm per 


n. Gaseous Atmospheres 

The effects of gas atmospheres at elevated temperature on scale forma¬ 
tions depend on such factors as pressure, velocity of flow, composition, and 
oxidizing or reducing conditions. No attempt is made here to cover this 
problem rigorously as the actual test conditions must be duplicated for 
check results and slight changes in impurities, or heating and cooling cycles, 
cause great differences in film formation. A few general conditions out¬ 
lining the factors involved are suggested below. 
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a. Composition of Gas. The following gases oxidize steels at increasing 
rates in the order named: C() 2 , dry air, oxygen, and steam. The stability of 
steel in steam at 925°F (500^^0) is equivalent to air at 1200®F (650°C). 
At higher temperatures for exposure of steel, steam at 1750°F (950°C) is 
equivalent to air at 2200°F (1200°C)“^. 

The effect of S in the atmosphere is especially injurious. Ni and its 
alloys are embrittled in its presence. For some metals, S compounds in the 
atmosphere change the rate of film formation from a parabolic to a linear 
relation and the scale becomes completely pervious to penetration^®. 

The oxidation of steel is doubled by the addition to an atmosphere of 
air of 5 per cent CO 2 and 5 per cent H 2 O, and is trebled by the addition of 
5 per cent SO 2 and 5 per cent Il20^®. 

For an 18-8 steel the oxidation rate is increased, 7 times by 5 per cent 
H 2 O added to the atmosphere, 8 times by 5 per cent SO 2 plus 5 per cent 
H 2 O, and 10 times by 5 per cent CO 2 plus 5 per cent H20^^. 

b. Velocity of Gas. The rate at which gas flows does not change the 
rate of scale formation at lower temperatures particularly if the early 
stages of film formation have occurred. However, at higher temperatures 
this factor may play a very important part in the life of the material®. 

in. Stress-Rupture Tests in Steam 

In power plant installations, increases in steam pressures and tempera¬ 
tures give rise to more exacting conditions for materials used in this type of 
service. A reasonable appraisal of the life of materials in steam is difficult 
since most of the high temperature testing is conducted in air. 

Stress-rupture tests and the thickness of the scale formed in steam at 
1200°F (050°C) are shown for a series of alloy steels. The steam pressures 
are varied to produce both laminar and turbulent flow. The steels ranging 
in composition from plain C, low alloy, to stainless steel are shown with 
their various heat treating procedures in Table ll-4h 

The rupture strength for the series of steels after 10 hours and 1000 hours 
and extrapolated values for 10,000 hours are shown in Table 11-5, arranged 
in the order of decreasing magnitude for each test period. For the 1000- 
hour test period, 18-8 steel has the highest value, followed by 12Cr steel and 
25-20Cr steel. 

In a comparison of tests for rupture strength in air at 650°C for the same 
periods, values are taken from current literature for extrapolations in 10,000 
hours^^. In all cases, the rupture strength in steam is as great or greater 
than that in air as indicated in Table 11-6. The low-C steel and the 12Cr 
steel have ratios of more than 3 for the strength in steam over air. Such 
comparisons must of course be viewed as comparative especially since 
they represent extrapolated values on the time axis. 
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The tests in steam appear generally comparable to tests conducted in air 
at 650®C in that log-log relationships of stress versus time produce straight 
lines with no deterioration of the material due to the atmosphere of steamh 
No difference in the effect of turbulence versus laminar flow of steam is 
seen either in relation to rupture strength or scale formation. In these 


Table 11-4* 


Chemical Analysis 


Type 

Steel 

No. 

c 

Mn 

p 

s 

Si 

Mo 

Cr 

Ni 

Ti 

Low-C 

1 

0.16 

0.47 

0.084 

0.023 

0.20 





C-Mo 

2 

.20 

.53 

.01 

.016 

.24 

0.50 




2.25Cr-lMo 

3 

.16 

.39 

.03 

.03 

.33 

.90 

2.24 



5Cr-Mo-Si 

4 

.10 

.38 

.03 

.03 

1.55 

.51 

4.83 

.... j 


9Cr-Mo-Si 

5 

.12 

.44 

.03 

.03 

.67 

.95 

9.5 

.... 


12Cr 

6 

.11 

.41 

.014 

.013 

.286 


12.66 

0.385 


25-20 

7 

.11 

.58 

.03 

.03 

.75 


23.6 

20.65 


18-8 

8 

.06 

.50 

.03 

.03 

.61 


17.75 

9.25 


5Cr-Mo-Ti 

9 i 

.10 

.44 

.03 

.03 

.38 

.50 

4.98 


0.61 


Heat Treatment 


Type 

Steel 

No. 

Heat Treatment 

Low-C 

1 

Air-cooled from 1650®F (900°C) 

C-Mo 

2 

Normalized, tempered 1202°F (650°C) 

2.25Cr-lMo 

3 

Annealed 1550T (843°C) 

5Cr-Mo-Si 

4 

Annealed 1550°F (843°C) 

9Cr-Mo-Si 

5 

Oil-quenched 1742°F (950°C), tempered 

12Cr 

6 

Air-cooled from 1166T (630°C) 

26-20 

7 

Normalized at 1700°F (926°C) 

18-8 

8 

Water-quenched from 2000°F (1093°C) 

5Cr-Mo-Ti 

9 

Annealed 1650‘’F (900*^0 


tests the depth of scale is measured by mounting for metallographic 
examination under a microscope. The scaling characteristics follow a 
normal pattern in that the plain-C steel has excessive scaling and the higher 
alloys have reduced scaling. 

As regards the thickness or the depth of corrosion, the Cr content appears 
to be the determining factor, as previously observed by many investigators. 
The steels fall generally into four classes on the basis of the type of scale 
formed. The plain-C and C-Mo steels have a thick, porous, and tightly 
adhering scale and are the most severely corroded. The next most cor¬ 
roded steels having a brittle, flaky scale are the 2.25Cr-lMo, the SCr-Mo-Si, 
and the 5Cr-Mo-Ti compositions. The third class of steels with only a 
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small amount of corrosion are the 9Cr-Mo-Si and the 12Cr steels. In the 
fourth class are the 18-8 and the 25-20 alloys where the corrosion is very 
slight. All scaling tests are reported on the basis of depth of scale due to 
the fact that the samples are small and their shape is not suitable for 
electrolytic stripping t(!sts to show <l(!pth of pencd,ration. 


Table 11-5. Stress Required to Cause Rupture of 
Various Steels at 650°C (1200°F)^ 


Steel 

No. 

Type 

In 

10 

hrs 

Steel ! T, 

No. 

In 

1000 

hrs 

Steel 

No. 

Type 

In 

10,000 

hrs* 









8 

18-8 

35,000 

8 18-8 

16,800 

8 

18-8 

11,600 

7 

25-20 

25,000 

6 1 12Cr 

12,000 

6 

12Cr 

9400 

2 

C-Mo 

21,500 

7 ; 25-20 

11,200 

7 

25-20 

7550 

6 

12Cr 

19,500 

3 : 2.25Cr-]Mo j 

9400 

3 

2.25Cr-lMo 

7000 

3 

2.25Cr-lMo 

17,000 

2 C-Mo : 

8600 

5 1 

9Cr-Mo-Si 

6800 

4 

5Cr-Mo-Si 

15,500 

5 9Cr-Mo-8i i 

8500 

2 

C-Mo 

5450 

1 

Low-C 

13,,500 

4 ,5Cr-Mo-Si I 

7600 

4 i 

5Cr-Mo-Si 

5300 

5 

9Cr-Mo-Si 

13,200 

1 Low carbon ! 

6900 

9 ^ 

5Cr-Mo.Ti 

5000 

^ 1 

5Cr-Mo-Ti 

11,500 

9 i 5Cr-Mo-Ti 

6700 

1 

Low-C 

4900 


* Extrapolated. 


Table 11-6. Ratio of Stress in Steam and Stress in Air Required for Rupture 
IN 10,000 Hours of \'arious Alloys at G50°(’ (1200*"^')' 


Type of Steel 


Ratio of Stresses in Steam to Air 


Low-C 

12Cr 

C-Mo 

25-20 

5Cr-Mo-Si 

18-8 

2.25Cr-lMo 

9Cr-Mo-Si 

5Cr-Mo-Ti 


3.6 

3.2 
1.8 
1.4 

1.2 
1.2 
1.2 
1.1 
0.98 


In the plain C and C-Mo steels, graphitization may occur in heating 
periods of less than 1000 hours at temperatures considerably lower than 
that represented by these tests, especially if the steel is abnormal. No 
evidence of graphitization appears in these tests conducted in steamb 

F. Scaling of Ni-Cr-Fe Alloys 

Since the basis of many heat-resistant alloys is dependent upon the 
Ni-Cr-Fe system, the scale formation from heating in air as influenced by 
composition is presented here in some detail. 
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The effect of Ni and Cr on a series of Ni-Cr-Fe alloys in relation to 
resistance to scaling is shown by weight losses of samples maintained for 
stipulated periods of time at temperatures between 1600°F (870®C) and 
2200°F (1200°C)®. The alloys are melted in a basic lined induction 
furnace, and sand cast into wedges 1 in thick at the bottom, 2f inches 
thick at the top, 6 inches wide, and 8 inches high. The test samples are 
machined from areas 1 to 3 inches from the bottom intg sizes 0.375 inch 
diameter by 1.000 inch long with a ground finish. 

The corrosive atmosphere consists of air saturated with water vapor at 
90°F (32°C) preheated to furnace temperature before its introduction into 
the furnace at 200 cu cm per min. Temperature fluctuations are main¬ 
tained at rbl0°F. The samples are placed on refractory blocks within the 
furnace and held for 100-hour and 1000-hour periods. 

At the conclusion of the test, the specimens are removed from the furnace 
and treated as follows: 

(a) Cathodically descaled in a molten caustic salt bath (60 per cent 
NaOH, 40 per cent Na 2 C 03 ) with a current density of 400 amps per sq ft 
maintained for 1 to 4 mins, then water-quenched. 

(b) To remove the caustic, samples are dipped in concentrated HCl 
(saturated with arsenic trioxide, AS 2 O 3 ) and finally washed. 

I. Corrosion Tests of 100 Hours 

The composition of a series of Ni-Cr-Fe alloys and their loss in weight are 
recorded in Table 11-7 for 100 hours’ exposure at 1600'^F (870°C), 1800‘^F 
(980°C), 2000°F (1090^C), and 2200°F (1200°C). The alloys consist of a 
plain-C steel and two steels with 4 to 6 percent Cr. These are compared to a 
series of steels containing 11 per cent Cr with Ni varying up to 70 per cent 
and to a series of 16, 21, 26, 31, and 36 per cent Cr, all with Ni varying 
over a wide range. The weight loss of gm per sq in per day from these 
100-hour tests is plotted on a logarithmic scale against the per cent Ni 
on a linear scale at the various levels of Cr and for the four test temperatures 
as shown in Figs. 11-2 and 11-3. The curves indicate the influence of Ni 
on scaling of the various alloys by an arbitrary value of 0.05 gm per sq in 
per day metal loss. If scaling is above this amount, it is indicated as 
excessive and below this figure as satisfactory^. 

a. Effect of Ni. 1,11 per cent Cr, At this level of Cr, additions of Ni 
from zero to 20 per cent have little influence in the prevention of excessive 
scaling. The most effective range is 20 to 50 per cent Ni. 

2, 16 per cent Cr, The most effective addition is in the range of zero to 
40 per cent Ni for scaling resistance. 

8, 21 per cent Cr. This series of alloys has a marked resistance to scaling 
due to the high Cr content. The effect of Ni is therefore less pronounced 



Table 11-7. Summary op Metal-Loss Data of Fe-Ni-Cr Alloys by Air Corrosion at 
1600°F (870°C), 1800°F (980°C), 2000“F (1090°C), and 2200‘’F (1200°C)* 
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Table 11-7. Continued 
21 per cent Cr alloys. Continued 
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Alloys CA-11 and CA-12 also contain 0.56 per cent molybdenum. 







Metol Loss, G. per sq. in. per day 
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0.02 . 

0.01 

0.007 

0.005 

0.003 

0.002 



Nickel, per cent 

Fig. 11-2. Influence of increasing amounts of Ni at the 11 and 16 per cent Cr levels 
on air corrosion of alloys at 1600°F (870°C), 1800°F (980°C), 2000°F (1090°C), and 
2200°F (1200°C), as determined in 100 hr. tests. (After Brasunas, Gow, and Harder) 


than in the series with lower Cr contents. At 1800(980°C), there is a 
moderate improvement in corrosion by the addition of Ni up to 20 per cent. 
At 2200°F (1200°C), where corrosion is more severe, Ni up to 20 per cent is 
effective in reducing weight loss. 
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Fig. 11-3. Influence of increasing amounts of Ni at the 21, 26, and 31 per cent Cr 
levels on air corrosion of alloys at 1600°F (870®C), 1800°F (980°C), 2000®F (1090®C) 
and 2200°F (1200®C), as determined in 100 hr tests. (After Brasunas, Gow, and 
Harder) 


4- ^6 'per cent. Ni does not have any great effect in this series except at 
2000®F (1090°C) where 15 per cent Ni decreases corrosion. 
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Fig. 11-4. Metal loss in air atmosphere at IGtXl^^F (87()'^C) with corrosion expressed 
in inches penetration per year. Alloys also contain about 0.4 per cent C, 1.25 per 
cent Si, 0.75 per cent Mn, balance Fe. Above data are based on 100 hr. tests. (After 
Brasunas, Gow', and Harder) 



Nickel, per cent 


Fig. 11-5. Metal loss in air atmosphere at 1800°F (980°C) with corrosion expressed 
in inches penetration per year. Alloys also contain about 0.4 per cent C, 1.25 per 
cent Si, 0.75 per cent Mn, balance Fe. Above data based on 100 hr. tests. (After 
Brasunas, Gow, and Harder) 

5. Higher Cr Contents, 31 and 36 per cent. For these two series of alloys, 
Ni contents of 10 to 20 per cent are the optimum levels for corrosion 
resistance. 
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Fig. 11-6. Metal loss in air atmosphere at 2000°F (1090®C) with corrosion ex¬ 
pressed in inches penetration per year. Alloys also contain about 0.4 per cent C, 
1.25 per cent Si, 0.75 per cent Mn, balance Fe. Above data are based on 100 hr. tests* 
(After Brasunas, Gow, and Harder) 



Nickel, percent 


Fig. 11-7. Metal loss in air atmosphere at 2200°F (1200°C) with corrosion expressed 
in inches penetration per year. Alloys also contain about 0.4 per cent C, 1.25 per 
cent Si, 0.75 per cent Mn, balance Fe. Above data are based on 100 hr. tests. (After 
Brasunas, Gow, and Harder) 

b. Effect of Cr. Cr contents up to 20 per cent in the absence of Ni are 
very effective in decreasing corrosion. At higher amounts of Cr, the 
advantages are small except at 2200®F (1200°C), where 25 per cent Cr is 
beneficial. 
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Contour curves of metal loss on the basis of air corrosion for 100-hour 
tests at temperatures of 1600°F (870^^0), 1800°F (980°C), 2000°F (1090°C) 
and 2200®F (1200°C) are shown in Figs. 11-4,11-5, 11-6 and 11-7 in ternary 
diagrams where the Ni and Cr contents are plotted for the various alloys. 
The loss in weight expressed as inches penetration per year is located at 
the point for the alloy composition. Lines are drawn to indicate isocor¬ 
rosion contours or alloys which show the same loss in weight. On the 
graphs, the symbol HH designates the 25 per cent Cr, 12 per cent Ni 
casting alloy; HT represents 36 per cent Ni, 16 per cent Cr; and HW 
represents 60 per cent Ni, 12 per cent Cr. Aside from the Ni and Cr 
contents shown on the ternary diagrams, the other constituents for all the 
alloys are approximately 0.4 per cent C, 1.25 per cent Si, 0.75 per cent 
Mn, and the balance Fe. 

€• Effect of Temperature. At 1600°F (870°C). At this temperature, 
the penetration varies from 0.641 to 0.003 inch per year. The slope of the 
curves downward towards the Ni base line suggests that Cr is more effective 
than Ni in oxidation resistance. The cross-hatched area shows alloys 
which have the lowest penetration of scale. Beyond this region corrosion 
rates increase. The three casting alloys, HH, HT, and HW mentioned 
earlier have compositions in this range. 

At 1800°F {980°C). Penetration at the 1800‘^F (OSO'^C) level varies 
from 1.27 to 0.007 in per year. In Fig. 11-5, a raising of the Cr level is 
shown for the alloys more resistant to corrosion. 

At 2000°F {1090°G). Penetration at the 2000'^F (1090°C) level varies 
from 3.92 to 0.022 inches per year. The corrosion rates are fairly uniform 
in the low Ni range where the Cr content is 20 to 30 per cent. 

At 2200°F {1200°C), Penetration varies from 6.67 to 0.055 inches per 
year. At this high level only a few of the more resistant alloys are tested. 
The dotted lines indicate that there are gaps in the composition range 
since fewer tests were conducted at this temperature. 

Tests on the Ni-Cr-Fe series carried out for periods of 1000 hours are not 
included here, but the trends for the most part are similar to the 100-hour 
tests. Intermittent heating and cooling tests show certain differences in 
the alloys. Where corrosion rates are higher, the loss in weight is some¬ 
times due to cracking of the scale in the cooling operation. 

This series of 100-hour tests must be regarded as indications of scale 
formation only for material under no load. In this respect the tests do not 
necessarily predict service life and are not intended for that purpose. 
Moreover, such studies of scale formation do not furnish data on tendencies 
for intergranular oxidation or interdendritic penetration of oxides for 
materials exposed to elevated temperatures. They are valuable, however, 
in obtaining information of penetration under controlled conditions of 
atmosphere, temperature, and weight measurements. 
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Allowable creep rates, 69 
Aluminum 

deformation bands, 319 
deformation of 

single crystals, 319 
polycrystals, 317 
Aluminum alloys 
18S-T 

chemical composition, 329 
creep strength, 331 
grain size, 329 
hot fatigue strength, 331 
room temperature properties, 
329 

thermal contraction, 333 
thermal expansion, 333 
XB18S-T 

chemical composition, 329 
creep strength, 331 
grain size, 329 
hot fatigue strength, 331 
room temperature tensile prop¬ 
erties, 329 

short time tensile properties, 330 
thermal contraction, 333 
thermal expansion, 333 
24S-T 

chemical composition, 320, 329, 
336 

compressive yield strength, 334 
creep strength, 322, 331 
fracture time, 322 
grain size, 320, 329 
hot fatigue strength, 331 
room temperature tensile prop¬ 
erties, 320, 329, 336 
rupture strength, 321 
short time tensile properties, 
321, 330 
24S-T81 

chemical composition, 320, 336 
compressive yield strength, 334 
creep strength, 323 
fracture time, 323 


grain size, 320 

room temperature tensile prop¬ 
erties, 320, 336 
rupture strength, 321 
short time tensile strength, 321 
24S-T-86 

chemical composition, 320, 336 
compressive yield strength, 334 
creep strength, 324 
fracture time, 324 
grain size, 320 

room temperature tensile prop¬ 
erties, 320, 336 
rupture strength, 321 
short time tensile strength, 321 
32S-T 

chemical composition, 329 
creep strength, 331 
grain size, 331 
hot fatigue strength, 331 
room temperature tensile prop¬ 
erties, 329 

short time tensile properties, 330 
thermal contraction, 333 
thermal expansion, 333 
75S-T 

chemical composition, 320, 336 
compressive yield strength, 335 
creep strength, 325 
fracture time, 325 
grain size, 320 

room temperature tensile prop¬ 
erties, 320, 3il6 
rupture strength, 321 
short time tensile properties, 321 
R301-T 

chemical composition, 320, 336 
compressive yield strength, 335 
creep strength, 326 
fracture time, 326 
grain size, 320 

room temperature tensile prop¬ 
erties, 320, 336 
characteristic fracture, 327 
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Aluminum alloys— coni. 

ductility of alloys 24S-T and 24S- 
T-81, 328 
strain rates, 319 
Aluminum oxide film, 340, Mi 
Andrade, E. N. daC., 2, 55, 96 
Applications of heat resistant alloys, 
301, 302 
Archer, R., 2 
Atomic model of 
creep, 53 
viscosity, 8 
Austenitic steels, cast 

25% Cr, 12% Ni, Type HH alloy, 176 
creep strength, 88, 180 
design curves, 181, 182 
room temperature tensile prop¬ 
erties, 180 

rupture strength, 180 
stress vs. strain rate, 72 
thermal expansion, 180 
Austenitic steels, highly alloyed 
“Discaloy” 

creep strength, 187 
density vs. heat treatment, 187 
design curves, 188 
thermal expansion, 187 
ATV-3 

rupture strength, 196 
short time tensile properties, 196 
K42B 

aging, 189 

chemical composition, 188 
creep strength, 189 
density vs. heat treatment, 188 
design curves, 89, 190, 193 
hot fatigue strength, 194 
rupture strength, 189 
thermal expansion, 194 
N-155 alloy, “Multimet” 
creep strength, 198 
hot fatigue strength, 199 
rupture strength, 197 
short time tensile properties, 197 
thermal expansion, 199 
precipitation hardened with Ti and 
Al, 185--194 
“Uefractaloy” 26 

chemical composition, 188 
creep strength, 189 
design curves, 191, 192, 193 


hot fatigue strength, 194 
rupture strength, 189 
thermal expansion, 194 
“Refractaloy” 70 

creep strength, 202 
density vs. heat treatment, 202 
design curves, 203, 204 
S-495 

creep strength, 195 
rupture strength, 195 
short time tensile properties, 195 
thermal expansion, 195 
S-497 

creep strength, 200 
rupture strength, 200 
short time tensile properties, 200 
thermal expansion, 200 
S-590 

creep strength, 201 
rupture strength, 201 
short time tensile proj^erties, 201 
thermal expansion, 201 
temperatures for use, 205 
Austenitic steels, moderately alloyed 
CSA alloy 

room temperature tensile prop¬ 
erties, 162 

rupture strength, 162 
16% Cr, 25% Ni, 6% Mo alloy 
creep strength, 167, 170 
design curves, 170 
hot fatigue strength, 171 
microstructure, 163 
modulus of elasticity, 171 
rupture strength, 167, 169 
short time tensile properties, 
167, 168 

thermal expansion, 171 
time-elongation curves, 70, 71 
Gamma Cb alloy 

room temperature properties, 
162 

rupture strength, 163 
19-9DL alloy 

creep strength, 158 
design curves, 161, 162 
hot fatigue strength, 158 
hot impact strength, 159 
relaxation creep tests, 160, 161 
room temperature tensile prop¬ 
erties, 158 
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rupture strength, 158 
short time tensile properties, 158 
thermal cxpjinsion, 159 
G.18B alloy 

density, 173 

hot fatigue strength, 173 
hot impact strength, 173 
modulus of elasticity, 173 
thermal conductivity, 173 
thermal expansion, 173 
grain size effects on 
creep strength, 175 
rupture strength, 175 
short time tensile properties, 174 
17W alloy 

room temperature properties, 
159 

rupture strength, 161 
19-9W-MO alloy 

creep strength, 157 
hot fatigue strength, 157 
relaxation creep tests, 161 
room temperature tensile prop¬ 
erties, 156 

rupture strength, 156, 157 
short time tensile properties, 157 

Banding in steel 

effect on creep strength, 142 

Binary ferrites, 122 

Capillary flow, 7 

Casting, precision (See precision cast¬ 
ing) 

Chevenard, P., 2 

Chromium 

effect of oxidation resistance of Fe, 
145, 347 

Chromium irons 

12% Cr, Type 405 

creep strength, 146 
12% Cr, Type 410 

creep strength, 147 
rupture strength, 147 
thermal conductivity, 147 
thermal expansion, 147 

Chromium steel 

12-14% Cr, Type 420, 146 
16-18% Cr, Type 440A, 146 
27% Cr, Type 446, 148 
creep strength, 148 


rupture strength, 148 
short time tensile strength, 148 
Cobalt base alloys, 207-234 

forgings vs. castings, 232, 233 
high temperature properties com¬ 
pared, 227-229 
61 alloy 

age hardening, 212 
creep data, 213 
hot fatigue strength, 214 
hot impact strength, 214 
rupture strength, 212 
short time tensile properties,212 
thermal conductivity, 214 
thermal expansion, 214 
422-19 alloy, 217 

age hardening, 218 
creep data, 219 
design curves, 220 
hot fatigue strength, 220 
hot impact strength, 220 
rupture strength, 218 
short time tensile properties, 218 
6059 alloy, 215 

age hardening, 215 
creep data, 216 
hot fatigue strength, 217 
hot impact strength, 217 
rupture strength, 215 
short time tensile properties, 217 
thermal conductivity, 217 
thermal expansion, 217 
S-816 alloy 

creep strength, 226 
design curves, 227 
hardness, 224 
hot fatigue strength, 226 
hot impact strength, 226 
rupture strength, 225 
short time tensile properties, 224 
“Vitallium^’ 

age hardening, 209 

creep data, 210 

data for design curves, 211 

grain size effect, 211 

hot fatigue strength, 211 

hot impact strength, 211 

microstructure, 229 

short time tensile properties, 209 

thermal conductivity, 209 

thermal expansion, 209 
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Cobalt base alloys— cont. 

X-40 alloy 

age hardening, 221 
creep strength, 222 
data for design curves, 222 
hot fatigue strength, 222 
hot impact strength, 222 
rupture strength, 221 
short time tensile properties, 221 
X-50 alloy 

creep strength, 223 
rupture strength, 223 
hot impact strength, 223 
Comparison of commercial and non-com¬ 
mercial alloys, 281 
creep strength of forged vs. cast, 283 
ductility of forged vs. cast, 282 
rupture strength of forged vs. cast, 
282 

Compressive yield strength of A1 alloys, 
332-337 

Copper oxide films, 341, 342 
efifect of A1 in, 346 
Creep 

allowable rate, 69 
ASTM data report, 84-86 
atomistic model for, 53 
data used in design, 302 
transient, 53-60 
quasi-viscous, 6, 55 
Creep testing equipment, 68-86 
extensometer measurements, 81 
furnace atmospheres, 87 
lever arm creep machine, 73 
loading mechanism, 76 
multiple unit, 76 
notched test specimens, 99 
screw driven stress rupture machine, 
90 

temperature control, 78 
test specimens, 81 
Creep testing in torsion, 97 
Creep testing methods, abridged 
Barr and Bardgett, 92 
D.V.M. (German), 92 
Hatfield time yield, 92 
Creep testing methods, constant stress 
linkage device, 96 
V-shaped specimen, 94 
Cyclic loading, 37 


Data report for creep, ASTM, 84 
Descaling Ni-Cr-Fe alloys, 352 
Design data 

applications, 305 
availability and costs, 305 
creep strength, 302 
ductility, 304 

effect of microstructure, 305 
failures, 305 

hot fatigue strength, 303 
second to third stage creep, 302 
stresses encountered in service, 303 
temperatures encountered in service, 
303 

thermal expansion and specific grav¬ 
ity, 305 

Deviatoric strain tensor, 24 
Deviatoric stress tensor, 19 
Dickenson, J. 11. S., 2 
Dislocation theory, 60 
Dupuy, K. L., 2 

Einstein-Boltzmann energy relation, 10, 
57 

Equicohesive temperature, 2, 64 
of plain carbon steel, 120 
Ewen, D., 2 

Fatigue tests, hot, 103 

(See also specific alloy systems) 

Film characteristics 

high compressive strength, 341 
susceptible to cracking, 342 
weak, 342 

Films, multiple layers, 342 
Fissures in weld metal 

base metal to weld metal crack, 298 
depth of notch extension cracking, 
300 

influence of welding method, 300 
influence of welding preheat, 301 
fusion line crack, 298 
interbucket notch extension crack, 
298-300 

Flow stress, 63 

Forming austenitic alloys, 292 
Fracture^stress, 63 
French, H. J., 2 
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Grain boundary sliding, 2, 64 
Grain size, 284 

in cast turbine blades, 286 
Graphitization, steel 
plain C, 130 
alloy, 131 

Hardness tests, hot, 105 

(See also specific alloy systems) 
Holloman, J. H., 53, 57 
Howe, H. M., 2 

Iron, chrome (See Chrome iron) 

oxidation resistance due to Cr, 145, 
347 

Iron oxide films 

chemical composition of oxide layers, 
343 

relative thickness of oxide layers, 
342 

Jeffries, Z., 2 
Lead 

polycrystalline 

creep of coarse-grained, 311 
creep of fine-grained, 3U 
single crystals, creep of, 310 

Machining heat resistant alloys 
Cr base alloys, 306 
“Hastelloy” B, 308 
25Cr, 20Ni, Type 310, 307 
19-9DL alloy, 307 
S-816 alloy, 306 
Timken 16-25-6 alloy, 307 
65Ni, 15Cr alloy, 308 
K42B alloy, 308 
Magnetic testing 
methods, 107 
of stainless steel, 154, 155 
Magnesium alloys, 311-318 
characteristic fracture, 317 
chemical composition, 312 
creep data, 317, 318 
room temperature tensile properties, 
312 

rupture strength, 315-317 
short time tensile properties, 312- 
315 

Mechanical equation of state, 53, 57 
Metal deficit in film formation, 341 


Metal oxides, noble, 339 
Modulus (See also specific alloy systems) 
of elasticity, 25 
of rigidity, 26 
secant, 41 
tangent, 41, 327 

Nadai, A., 44, 45 
Newtonian flow, 6, 54 
Nickel base alloys 
^^nconel” X, 238 

creep strength, 241 
hardness after heat treatment, 
240 

hot fatigue strength, 241, 243 
hot impact strength, 241 
rupture strength, 241 
short time tensile properties, 241 
Ni-Mo, “Hastelloy” B, 235 
hot fatigue strength, 237 
microstructure, 238 
rupture strength, 236 
short time tensile properties, 236 
thermal conductivity, 237 
thermal expansion, 237 
Ni-Mo, “Hastelloy” C, 237 
rupture strength, 239 
short time tensile properties, 2^19 
thermal conductivity, 239 
thermal expansion, 239 
“Nimonic” 80 

hot impact strength, 244 
rupture strength, 244 
Nickel base alloys, cast 
Type HT alloy 

creep curves, 246 
design curves, 247 
hot hardness, 248 
hot impact strength, 248 
rupture strength, 243 
short time tensile properties, 243 
Type HU alloy, 249 
Type HW alloy, 249 
Type HX alloy, 249 
Non-commercial alloys, 256-283 
aging characteristics, 275 
chromium base, 267 
CM469 alloy 

hot hardness, 272 
rupture strength, 272 
thermal expansion, 272 
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Non-commerical alloys— coni. 

Co-Cr-Mo base “Vitallium,” cast, 
264 

chemical composition, 266, 267 
creep strength, 264, 271 
rupture strength, 264, 268-271 
effect of minor elements, 251 
limitations in composition, 250 
melting and casting, 251 
microstructure, 276, 277 
Ni-Cr-Co-Fe base alloys, cast 
chemical composition, 257 
creep strength, 256, 264 
nitrogen content, 265 
rupture strength, 255, 259-26J1 
Ni-Cr-Co-Fe base alloys, forged 
chemical composition, 253 
creep strength, 252 , 256 
rupture strength, 252, 254, 255 
36J alloy, rupture strength, 273 
73J alloy 

creep strength, 274 
rupture strength, 274 
llON-2 alloy, creep strength, 278 
lOONT-2 alloy 

creep strength, 279 
rupture strength, 279 
thermal expansion, 279 
Notched test bars for creep, 99-103 

Orowan, E., 58 

Oxide films, diffusion through, 341 
Oxides 

noble metals, 339 
volatile, 339 

Plasticity, 29-53 ' 

hyperbolic tangent approximation, 
42 

low temperature, 35, 38 
Nadai’s three rules of, 44 
perfect, curve of, 42 
secant modulus, 41 
tangent modulus, 41 
temperature dependence, 34 
time dependence, 48-53 
Poiseuille’s law, 7 

Powder metallurgy techniques, 292-294 
Prager, W., 13 


Precision casting 
accuracy, 291 
centrifugal casting, 290 
dies, 287 
melting, 290 
ejection molding, 289 
patterns, plastic or wax, 289 
slurry, 288 

Principal shearing stresses, 20 
Principal strains, 24 

Quasi-viscous flow, 6, 51^, 55 

Recovery, 38 
Hecrystallization, 38 

(See also specific alloy systems) 
Relaxation tests, 92 

(See also specific alloy systems) 
Resistivity tests, 107 
Rosenhain, W., 2 

Scale and metal, volume relations 
table of, 340 
Scale, composition 

affinity of element for oxygen, 345 
eutectic formation, 346 
grain boundary attack, 346 
Scale formation, properties required, 346 
Scale formation, measurement of 
destructive tests for wires, 345 
microscopic examination, 344 
weight changes, 344, 345 
Scaling 
in air 

stability of heat resistant alloys, 
348 

stability of metals at high tem¬ 
perature, 348 
in gas atmospheres 

effect of H 2 O, CO 2 , SO 2 , 349 
velocity of gas, 349 
in steam 

rupture strength of various al¬ 
loys, 351 

temperature dependence, 344 
time dependence at constant tem¬ 
perature 
linear, 343 
logarithmic, 343 
parabolic, 343 
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Scaling of Ni-Cr-Fe alloys in air, 351-361 
charts of inches penetration per 
year, 359, 360 

chemical composition, 353-356 
effect of Cr, 360, 361 
effect of Ni with varying Cr, 352-359 
effect of temperature, 361 
metal loss 870 to 1200°C, 353-356 
Shanley, F. R., 49 
State 

fluid, 3, 4 
solid, 3, 4 

mechanical equation of, 53, 57 
Steel 

banding in relation to creep strength, 
142 

graphitization, 130 
Steel, low alloy, 122-144 

C-Mo (0.5%), elevated temperature 
effect of C, 125 
effect of tempering, 128 
spheroidization, 129 
0.8% Cr, 0.5% Mo, 131 
0.3%V, 0.5% Mo, 132 
1.25 to 2.50% Cr 

creep strength, 133 
short time tensile properties, 133 
thermal expansion, 133 
2.00% Cr, 0.50% Mo 
creep strength, 134 
hot impact strength, 134 
short time tensile properties, 134 
thermal expansion, 134 
2.25% Cr, 1.00% Mo 
creep strength, 136 
thermal expansion, 136 
2.25% Cr, 1.00% Mo, short time 
tensile properties, 135 
2.50% Cr, 0.50% Mo, creep strength, 
136 

Steel, 4-6% Cr, 135 

effect of Ti on rupture strength, Fi8 
Steel, 4-6% Cr, Type 502, 135 
creep strength, 137 
hot impact strength, 138 
short time tensile properties, 137 
thermal expansion, 137 
Steel, 5% Cr, 1.0% Mo, creep strength, 
139 


Steel, 7% Cr, 0.5% Mo, 0.5% Si 

short time tensile properties, 140 
thermal expansion, 140 
Steel, 8% Cr, 1% Mo, creep strength, 140 
Steel, 8% Cr, 1% Mo, 0.5% Cb, 141 
Steel 9% Cr, 1.00% Mo, short time 
tensile properties, 140 
Steel, 9% Cr, 1.25% Mo, thermal expan¬ 
sion, 140 

Steel, plain C, elevated temperature 
effect of 
carbon, 111 

heat treatment, 114-117 
melting furnace, 118 
melting practice, 119 
time, 121 
Steel, plain C 

hot hardness, 114 
hot impact strength, 121 
Steel, stainless 
18% Cr, 8% Ni 

heat treatment, 150 
intergranular corrosion, 148 
Steel, stainless 

18% Cr, 8% Ni, Type 302, 146 
creep strength, 151 
18% Cr, 8% Ni, Type 304, 146 
creep strength, 149 
hot fatigue strength, 150 
hot impact strength, 150 
room temperature tensile prop¬ 
erties, 149 

rupture strength, 149 
short time tensile strength, 149 
18% Cr, 8% Ni, stabilized with Cb, 
creep strength, 151 
18% Cr, 8% Ni, stabilized with Cb, 
Type 347 

creep strength, 15.3 
rupture strength, 153 
short time tensile strength, 15Ii 
18% Cr, 8% Ni, stabilized with Ti, 
creep strength, 151 
18% Cr, 8% Ni, stabilized with Ti, 
Type 321 

creep strength, 152 
rupture strength, 152 
short time tensile strength, 152 
18% Cr, 8% Ni with Ti, V and W, 
magnetic testa, 154 
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Strain gage 

automatic recording, 83 
optical, 81 

Strain vs. time at constant temperature 
constant load, 31 
constant sjtress, 31, 
decomposition of strain-time curve, 
32 

Stress 

activation, 56 
flow, 63, 64 
fracture, 63, 64 
mean normal, ID 
principal, 18 

Stress-strain relations, 13-26 
differential type, 47 

Tangent modulus, 41, 327 

Temperature 

dependence of creep, 34 
equicohesive, 2, 64 
service in relation to melting point, 
30 

Tension test, 35 


Test specimen for creep, 80 
Transient creep, 56 
Tresca, H., 44 

Turbine blades, inspection, 301 
Turbosupercharger, 207, 285, 287 

Valve steels, 146, 177, 178 
Viscoelasticity, 26 
Viscosity 

atomic model of, 8 
of fluids, 4 
of mercury, 12 
Viscous flow, 5 
Von Mises, U. V., 44 

Welding heat resistant alloys, 294 
Welding tests for turbine blades, 295 
Wheel and bucket design weld test, 295- 
297 

Yield condition of Tresca, 44 

Zinc, deformation of single crystal, 39 
Zinc oxide films, 342 
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